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OXIDATION RESISTANT POROUS MATERIAL 
FOR TRANSPIRATION COOLED VANES 

by  Per  Madsenl  and  Robert M. Rusnak2 

THE BENDIX CORPORATION 

1 SUMMARY 

The o b j e c t i v e   o f   t h i s   w o r k  was t o   f a b r i c a t e  and t e s t  po.rous meta l   sheets  
o f   o x i d a t i o n   r e s i s t a n t   a l l o y s   i n   o r d e r   t o   d e t e r m i n e   t h e i r   s u i t a b i l i t y   f o r   u s e  
i n   t r a n s p i r a t i o n   c o o l i n g   o f  gas t u r b i n e   v a n e s .   F o u r   a i l o y s , w e r e   e v a l u a t e d   a n d  
compared t o   a n   a l l o y  commonly  used i n   t r a n s p i r a t i o n   c o o l i n g  - DH 242. 

GE 1541 15Cr-bAl- lY-Fe 

TD N i  Cr 20C r-2Th02-N i 
DH 245 20Cr - lS i -5A l -N i  
DH 242  20Cr-1Si-1Cb-Ni 

H 875 23Cr-6Al-1Si-Fe 

The f i r s t   t h r e e   a l l o y s   w e r e   s e l e c t e d   o n   t h e   b a s i s   o f   p r e v i o u s   s h e e t  and 
w i re   spec imen   sc reen ing   t es ts  as r e p o r t e d   i n   r e f e r e n c e s  1 and 2. The DH 245 
a l l o y  was s e l e c t e d  as   an   improved  vers ion   o f  DH 242  because o f   i t s  aluminum 
a d d i t i o n .  The a l loys   were   ob ta ined  as   0 .005  inch   (0 .13  mm) d iamete r   w i re   and  
m a n u f a c t u r e d   i n t o   P o r o l o y 3   p o r o u s   m e t a l   w i t h  a w a l l   t h i c k n e s s   o f  0.023 i n c h  
(0.58 mm). 

I n   o r d e r   t o  make t h e   P o r o l o y ,  a new f a b r i c a t i o n   p r o c e s s  was d e v e l o p e d   t o  
overcome  the d i f f i c u l t y   i n   d i f f u s i o n   b o n d i n g   t h e   a l u m i n u m   c o n t a i n i n g   a l l o y s .  
A l s o   w i r e   p r o c e s s i n g   o f   t h e  G E  1541 a l l o y  was d e v e l o p e d   i n   c o o p e r a t i o n   w i t h  a 
c o m m e r c i a l   w i r e   d r a w e r .   I n   p r e l i m i n a r y   s t a t i c   o x i d a t i o n   t e s t s   a t  180OoF 
(982°C) DH 245 P o r o l o y   e x h i b i t e d   l e s s   o x i d a t i o n   r e s i s t a n c e   t h a n  GE 1541 and 
H 875 Poro loy  and was e x c l u d e d   f r o m   a d d i t i o n a l   t e s t s .  The TD N i  C r  Po ro loy  
showed a p r o n o u n c e d   d e c r e a s e   i n   p e r m e a b i l i t y   f o l l o w i n g   c y c l i c   o x i d a t i o n   a t  
1800°F ( 9 8 2 " ~ )   f o r  600 h o u r s .   T h i s   c o u p l e d   w i t h   t h e   d i f f i c u l t y   i n   p r o c e s s i n g  
f i n e   w i r e   c a u s e d   t h e   a l l o y   t o  b e   d r o p p e d   f r o m   t h e   a d d i t i o n a l   t e s t s   g i v e n   t h e  
two   mos t   p romis ing   a l l oys  - GE 1541 and H 875. 

F o r   t h e  GE 1541 and H 875 a l l o y s   c y c l i c   f u r n a c e   o x i d a t i o n   t e s t s   w e r e  made 
on  Poroloy  sheet  coupons  at  1800  and  2000°F  (982  and  1093°C) i n   a i r   f o r  accumu- 
l a t e d   e x p o s u r e   t i m e s   o f  4, 16, 64, 100,  200,  300,  400, 500 and 600 hours.  The 

l S e n i o r   E n g i n e e r ,   F i l t e r   D i v i s i o n  
2 P r o j e c t   M e t a l l u r g i s t ,   R e s e a r c h   L a b o r a t o r i e s  
3 P o r o l o y   i s  a r e g i s t e r e d   t r a d e  name d e s c r i b i n g  space-wound w i re   po rous   me ta l  
m a t e r i a l   m a n u f a c t u r e d   b y   T h e   B e n d i x   C o r p o r a t i o n ,   F i l t e r   D i v i s i o n  
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specimens  were  cooled to  room temperature  a f ter   each  exposure  t ime.  The speci -  
mens were  measured to  de te rm ine   ox ida t i on   we igh t   ga in ,   pe rmeab i l i t y  change, 
th ickness  change  and room temperature  mechanica l   proper t ies  a f ter   exposure.  
Me ta l l og raph ic   examina t ion   o f   Po ro loy  and  Poroloy/lN 100 weld  samples was per-  
formed t o  show s i g n i f i c a n t  changes  due t o   o x i d a t i o n  and heat ing.  

S t r e s s   r u p t u r e  and t e n s i l e   t e s t i n g   a t  1800°F  (982°C) were  performed  on 
b o t h  0.005 i n c h  (0.13 mm) d i a m e t e r   w i r e  and Poro loy.  

B o t h   a l l o y s   e x h i b i t e d  good ox ida t i on   res i s tance   w i th   no   apparen t   spa l l .  
A f t e r  600 hours   cyc l i c   ox ida t ion   exposure ,   the  GE 1541 Poro loy   we igh t   ga in  was 
85 p e r   c e n t   h i g h e r   a t  1800°F  (982°C)  and 56 p e r   c e n t   h i g h e r   a t  2000°F  (1093°C) 
t h a n   t h a t   o f   t h e  H 875 Poroloy.  However, the   permeab i l i t y   decrease was the  
same f o r   b o t h  a1 l o y s   a f t e r  1800°F (982°C)  exposure  (20  per  cent)  and  after 
2000°F  (1093°C) exposure,  the GE 1541 Poroloy  permeabil  i t y  decreased  less  than 
t h e  H 875 Poroloy  (22  per  cent  versus 44 pe r   cen t ) .  

The GE 1541 o x i d a t i o n   r e s i s t a n c e  was found to be s e n s i t i v e  to  process ing 
c o n d i t i o n s  and con tac t   w i th   o the r   a l l oys   a t   e leva ted   t empera tu res .  

R e t e n t i o n   o f  room t e m p e r a t u r e   t e n s i l e   p r o p e r t i e s   f o l l o w i n g  600 hours o f  
o x i d a t i o n  was good f o r   P o r o l o y  made from b o t h   a l l o y s .   I n   p a r t i c u l a r ,   t h e  
t e n s i l e   e l o n g a t i o n  was equal to o r   g r e a t e r   t h a n   t h a t   p r i o r   t o   o x i d a t i o n  
(GE 1541 - 10 pe r   cen t   e longa t ion  and H 875 - 15 pe r   cen t   e longa t ion ) .  The 
decrease i n   t e n s i l e  and y i e l d   s t r e n g t h  was l ess   than 15 pe r   cen t .  The  1800°F 
(982°C) t e n s i l e  and s t ress   rup tu re   p roper t i es   were   comparab le   f o r   bo th   a l l oys  
w i t h  an u l t i m a t e   t e n s i l e   s t r e n g t h   o f   a b o u t  2500 p s i   b l 7 . 2  x l o 6  N/m2) and a 
100 hour   rup tu re   s t ress   o f   abou t  1500 p s i  (10.3 x 10  N/m2). 

Sound welds made between  Poroloy and I N  100 s t r u t   a l l o y .  The weld  zones 
were  s t ronger   than  the  Poro loy and were  not  degraded  by 1800°F  (982°C) c y c l i c  
o x i d a t i o n ,  however,  exposure  at'2000"F (1093°C) r e s u l t e d   i n   s e v e r e   o x i d a t i o n  
o f   t h e   s t r u t   a l l o y  and consequently  the  weld  zone. 

The  good o x i d a t i o n   r e s i s t a n c e ,   p e r m e a b i l i t y   r e t e n t i o n  and r e t e n t i o n   o f  
mechanica l   proper t ies  a t   temperatures up t o  2000°F  (1093°C) makes t h e  GE 1541 
and H 875 a l l o y s   a t t r a c t i v e   f o r   a p p l i c a t i o n  as t r a n s p i r a t i o n   c o o l i n g   m a t e r i a l s  
f o r  gas t u r b i n e   v a n e s .   I n   p a r t i c u l a r ,   t h e  GE 1541 a l l o y   a t  2000°F  (1093°C)  has 
g r e a t e r   p e r m e a b i l i t y   r e t e n t i o n   a f t e r   o x i d a t i o n   t h a n   t h e  DH 242 s t a n d a r d   a l l o y  
a t  1700°F  (927°C). 
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2 INTRODUCTION 

This  research and development  work was conduc ted   w i th   t he   u l t ima te   goa l   o f  
producing  porous  metal   sheet  mater ia l   wi th  good  high  temperature  oxidat ion  re- 
s i s t a n c e   f o r   a p p l i c a t i o n   i n   t h e   t r a n s p i r a t i o n   c o o l i n g   o f  gas turb ine  engines.  

2.1 Background 

As repo r ted   i n   re fe rence  3 ,  t h e   t r e n d   i n   b o t h   m i l i t a r y  and commercial  gas 
turb ine  engines  is   towards  turbofan  engines  hav ing a compact, h igh  temperature 
gas generator.  To make such  engines  compact,  l ightweight, and w i t h   s u p e r i o r  
spec i f i c   f ue l   consumpt ion ,   t he re   i s   t he  need to   s imu l taneous ly   inc rease  bo th  
compressor  pressure r a t i o  and tu rb ine   i n le t   t empera tu re .   Tu rb ine   i n le t   t emper -  
a tu res  may go t o   t h o s e   c o r r e s p o n d i n g   t o   s t o i c h i o m e t r i c   f u e l - a i r   m i x t u r e  i f  
m a t e r i a l s  and cool ing  des igns  can be developed  that will t o l e r a t e  such  tempera- 
tu res   re1   i ab l y .  

Up to   t he   p resen t   t ime ,   convec t i on   coo l i ng  has  been the   p r imary  means o f  
c o o l i n g  gas turb ine  engines,  w i t h  some film c o o l i n g   a u g m e n t a t i o n   i n   c r i t i c a l  
regions. A t  the   severe   coo l ing   cond i t ions   expec ted   in   fu tu re   eng ines ,  i t  i s  
l i k e l y   t h a t   c o n v e c t i o n   c o o l i n g  will be  inadequate, and  more advanced c o o l i n g  
schemes such  as f i l m  and t r a n s p i r a t i o n   c o o l i n g  will have t o  be u t i l i z e d .  

T h e o r e t i c a l l y   t r a n s p i r a t i o n   c o o l i n g  i s  s u p e r i o r   t o  film c o o l i n g  as shown 
i n   r e f e r e n c e  4, provided  the  oxidat ion  problems  descr ibed  below  can  be  over-  
come. Also good creep l i f e  can  be  accomplished w i t h   t r a n s p i r a t i o n   c o o l e d   b l a d e  
designs compared w i t h   o t h e r   c o o l i n g   d e s i g n s  as descr ibed  in   re fe rence 5. 

T r a n s p i r a t i o n   c o o l i n g   m a t e r i a l s   f o r   t u r b i n e  vanes,  blades,  shroud 1 i n e r s  
and s i m i l a r  components  have been fab r i ca ted   f rom  f i ne   w i re   abou t  0.005 inch 
(0.13 mn) in   d iamete r ,   f l a t t ened ,  space wound i n  a geomet r ic   pa t te rn  and 
f i n a l l y   d i f f u s i o n  bonded t o   p r o v i d e  a porous  s t ructure - Poroloy" (See r e f e r -  
ence 6 ) .  The c h a r a c t e r i s t i c s   o f   h i g h   s u r f a c e   a r e a   t o  volume r a t i o  and small  
pore   s ize  enhance coo l ing   e f f i c iency   bu t   aggravate   ox ida t ion   p rob lems.   Ox i -  
da t ion   cor ros ion   wh ich  may be cons idered  minor   fo r   so l id   o r   sheet   meta l  compo- 
nen ts   m igh t   se r ious l y   a f fec t   po rous   wa l l   coo l i ng  a i r  f l o w   p e r m e a b i l i t y  and 
s t reng th .   The re fo re ,   ox ida t i on   res i s tance   i s  a p r i m a r y   d e s i g n   c r i t e r i o n   f o r  
t r a n s p i r a t i o n   c o o l i n g   m a t e r i a l   s p e c i f i c a t i o n .   R e t e n t i o n   o f  good mechanical 
p r o p e r t i e s ,   e s p e c i a l l y   d u c t i l i t y ,   a f t e r   c y c l i c   h e a t i n g  and a g i n g   i s   a l s o  
important as w e l l  as the   h igh   t empera tu re   s t reng th   o f   t he   ma te r ia l .   Acco rd ing l y ,  
these  p roper t ies   a re   de termined  in   th is   work .  

E a r l i e r  work  as  described in   re fe rences  1 
s e l e c t i o n   o f   a l l o y s   f o r   t e s t i n g   i n  porous  meta 
sheet  specimens  were  evaluated  on  the  basis  of  

-I. 

"Poro loy   i s  a r e g i s t e r e d   t r a d e  name desc r ib ing  
mater ia l ,   manufactured  by The  Bendix  Corporat 

and 2 was d i   rec ted   toward  

o x i d a t i o n   r e s i s t a n c e  and 
form.   In   re ference 1 ,  s o l i d  

space-wound wire  porous  metal  
on, F i l t e r   D i v i s i o n .  
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mechanica l   proper t ies.   Four   candidate  a l loys (N 155, TD nickel-chromium, DH 242 
and H a s t e l l o y  X )  we re   se lec ted   on   t he   bas i s   o f   t he   resu l t s   o f   t hese   t es ts  for  
f u r t h e r   e v a l u a t i o n .  As repor ted   in   re fe rence  2 ,   these  a l loys   were  made i n t o   f i n e  
w i r e  (0.005 inch  (0.13 mm) d iameter )   and  tes ted   fo r   ox ida t ion   res is tance and 
mechanica l   proper t ies.  The t e s t i n g   o f   t h e   a l l o y s   i n   w i r e   f o r m  was a necessary 
p re lude   t o   f ab r i ca t i on   o f   po rous   ma te r ia l s   f rom  these   a l l oys   because   t he   ox i -  
da t i on   behav io r  and   mechan ica l   p roper t i es   cou ld   d i f f e r   s ign i f i can t l y  between a 
g i v e n   a l l o y   i n   s h e e t  and w i r e   f o r m .   I n   a d d i t i o n ,   t h e   d i f f i c u l t y   i n   f a b r i c a t i o n  
o f  good q u a l i t y   f i n e   w i r e   f r o m   e a c h   a l l o y  was assessed. I t  was concluded  that  
TD nickel-chromium showed the  most  promise  and  should  be  considered  for  evalu- 
a t i o n   i n  porous  meta l   form.   In   addi t ion,  i t  was n o t e d   t h a t   a l l o y  GE 1541 which 
had  been tes ted   in   sheet   bu t   no t   w i re   fo rm  shou ld  be  considered  because o f  i t s  
s u p e r i o r   o x i d a t i o n   p r o p e r t i e s .  

2.2 Scope 

Based on t h e   e a r l i e r   a l l o y   s e l e c t i o n  work, t h i s   i n v e s t i g a t i o n  was i n i t i a t e d  
t o   e v a l u a t e   P o r o l o y  made from GE 1541, TD N i  Cr and DH 242and t o   s u p p l y  NASA w i t h  
shee ts   o f   t he  two  best o f  t h e s e   m a t e r i a l s .   D i f f i c u l t y  was encountered  in   pro-  
c u r i n g  good q u a l i t y  TD N i  Cr w i r e   i n   s u f f i c i e n t   q u a n t i t y   f o r   f a b r i c a t i n g  
Poroloy and i n i t i a l   o x i d a t i o n   p e r m e a b i l i t y   t e s t  showed less   pe rmeab i l i t y   re -  
t en t i on   t han  GE 1541. Consequen t l y   t h i s   ma te r ia l  was dropped  f rom  considerat ion 
i n   f a v o r   o f  two   o the r   cand ida te   a l l oys ,  DH 245 and H 875. Both  were  se lected  for  
b e i n g   r e a d i l y   a v a i l a b l e   i n   f i n e   w i r e  form  and f o r   t h e i r   e x p e c t e d  good o x i d a t i o n  
res i s tance ;  DH 245, a n i c k e l - c h r o m i u m   t y p e   a l l o y   s i m i l a r   t o  DH 242 excep t   f o r   t he  
a d d i t i o n   o f  aluminum  and H 875, a n   i r o n  chromium  aluminum a l l o y   w h i c h  was shown 
i n   e a r l   i e r  work  ( reference 1 )  t o  have  good ox ida t i on   res i s tance .   P re l im ina ry  
e v a l u a t i o n   o f   t h e   a l l o y s   i n   w i r e  and F'oroloy f o r m   l e d   t o   t h e   c o n c l u s i o n   t h a t  
o n l y   t h e  GE 1541 and H 875 a l l oys   shou ld  be  evaluated  extens ive ly   in   porous 
metal  form. The reason f o r   t h i s   c o n c l u s i o n  was tha t   t hese   a l l oys   were   t he   on l y  
ones t h a t  showed any  promise o f   b e i n g   a b l e   t o   o p e r a t e   a t   t e m p e r a t u r e s   o f   1 8 0 0 " ~  
(982°C)  and  above, w i t h o u t   o x i d a t i o n   s u f f i c i e n t   t o  cause a s i g n i f i c a n t  loss o f  
sheet   permeabi l i ty .  However, the  tenacious  ox ide  layer   formed  by  the  a l loys 
made d i f f u s i o n   b o n d i n g   d i f f i c u l t  and necess i ta ted  a process  development f o r  
f a b r i c a t i n g  them in to   Po ro loy .  I t  was d iscovered  dur ing  th is   process  develop-  
ment t h a t   t h e  GE 1541 a l l o y   s u f f e r e d   a c c e l e r a t e d   o x i d a t i o n   a t   t e m p e r a t u r e   l e v e l s  
where o x i d a t i o n   i s   n o r m a l l y   s l i g h t   i n   t h e   b u l k   a l l o y .   T h i s   p o o r   o x i d a t i o n   r e -  
s i s tance   appeared   t o   be   i n t roduced   to   t he   a l l oy   du r ing   p rocess ing   i n to   w i re   f o rm.  
An i n v e s t i g a t i o n  was conducted t o   d e t e r m i n e   t h e   c a u s e   o f   t h e   l o s s   o f   o x i d a t i o n  
res i s tance  and s p e c i f i c a t i o n s   w e r e   a d o p t e d   f o r   t h e   a l l o y   i n   w i r e  and rod  form t o  
prevent  such a l o s s   f r o m   o c c u r r i n g   i n   t h e   f u t u r e .  

E v a l u a t i o n   o f   t h e  G E  1541 and H 875 i n  porous  metal   form  consisted  of  
c y c l i c   f u r n a c e   o x i d a t i o n   t e s t s   a t  1800 and 2000°F  (982  and 1093°C) fo r   exposure  
t i m e s   o f  4, 16, 64, 100, 200, 300, 400, 500 and 600 hours .   A f te r  each  exposure 
cyc le ,  specimens  were removed f rom  the  furnace and a i r   cooled.   Temperatures 
and t imes  as  wel l   as  general   test   procedures  were  the same as those  repor ted   in  
references 1 and 2. The o x i d a t i o n   e f f e c t s  were  evaluated  by measurement o f  
we igh t   ga in ,   permeab i l i t y  change, th ickness  change and room temperature 
mechan ica l   p roper t ies   a f te r   exposure .   E lec t ron  beam w e l d   j o i n t s  between  Poroloy 
and I N  100 s t ru t   ma te r ia l   we re   a l so   eva lua ted   i n   t hese   t es ts .   I n   add i t i on ,  
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t e n s i l e  and s t r e s s   r u p t u r e   p r o p e r t i e s  were  determined a t  1800°F  (982°C). Tests  
f o r   p e r m e a b i l i t y   f o l l o w i n g   o x i d a t i o n   a t  1700  and  1800°F (927  and  982°C)  and 
e l e c t r o n  beam weld  evaluat ions  were made f o r   t h e  TD N i  C r  and DH 242 a l l o y s .  
The r e s u l t s   o b t a i n e d   f o r   t h e  DH 242  served  as  reference o f  comparison  for   the 
o t h e r   a l l o y s   s i n c e  D H  242 i s   t h e  most commonly employed a l l o y   f o r   t r a n s p i r a t i o n  
cool ing  today  ( re ference 7 ) .  

2.3  Purpose 

The purpose o f   t h i s   i n v e s t i g a t i o n  was t o  e v a l u a t e   t h e   s e l e c t e d   a l l o y s   i n  
porous  metal  form i n  terms o f  p o t e n t i a l   a p p l i c a t i o n  for t r a n s p i r a t i o n   c o o l i n g  
o f  gas t u r b i n e  vanes. This  purpose was t o  be  accomplished  by  (1)  developing 
p rocedures   f o r   p roduc ing   ox ida t i on   res i s tan t   po rous   ma te r ia l   f r om  d i f f i cu l t - t o -  
bond, o x i d a t i o n   r e s i s t a n t   a l l o y s ,   ( 2 )   e v a l u a t i n g   e l e c t r o n  beam w e l d   j o i n t s   o f  
t h e s e   m a t e r i a l s   t o   t u r b i n e   b l a d e   s t r u t   a l l o y s ,  and  (3)  exper imental ly  determining 
t h e   e f f e c t s  o f  o x i d a t i o n   o n   p e r m e a b i l i t y  and  mechanical  propert ies. 
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3 WIRE PROCUREMENT AND POROLOY PROCESS DEVELOPMENT 

3.1 Wire  Procurement 

A l l  w i r e  for  t h i s  program was  made to  a nominal  diameter o f  0.005 inch  
(0.13 mm) un less  o therwise  noted.  The H 875, DH 242  and DH 245 a l l o y   w i r e s   w e r e  
purchased t o  commerc ia l   spec i f i ca t ions  from Hoskins  Manufactur ing Company and 
D r i v e r   H a r r i s  Company, r e s p e c t i v e l y .  A vacuum m e l t e d   h e a t   o f  GE 1541 was 
purchased  f rom  the  Genera l   E lect r ic  Company and  processed i n t o   f i n e   w i r e  by 
Hoskins  Manufactur ing Company. The c h e m i c a l   a n a l y s i s   o f   a l l   a l l o y   w i r e s   a r e  
p resented   in   Tab le  1 .  The mechan ica l   p roper t ies   o f   the   w i res   in   the   as- rece ived,  
s i m u l a t e d   s i n t e r e d   c o n d i t i o n  and a f t e r   o x i d a t i o n   a r e   g i v e n   i n   T a b l e  2. 

3 . 1 . 1  Ana lys is   o f   Acce le ra ted   Ox ida t ion .  - I t  was d iscovered  dur ing   the  
development o f   bond ing   p rocedures   fo r  GE 1541 w i r e   t h a t  bonded  samples  underwent 
a c c e l e r a t e d   o x i d a t i o n   a f t e r   s h o r t   e x p o s u r e   ( 2 4   h o u r s )   i n   a i r   a t  1800°F (982°C). 
The f i r s t   i m p r e s s i o n  was t h a t  some o f   the   bond ing   techn iques   were   con t r ibu t ing  
t o   t h e   l o s s   o f   o x i d a t i o n   r e s i s t a n c e   i n   t h e   a l l o y   s i n c e   t h e   b u l k   a l l o y   o x i d a t i o n  
r e s i s t a n c e  was e x c e l l e n t .  However, i t  was qu ick l y   d i scove red  upon o x i d a t i o n  
t e s t i n g   o f   t h e  GE 1541 w i r e   p r i o r  to bond ing   tha t   the   poor   ox ida t ion   res is tance 
was inhe ren t   i n   t he   w i re .   The re fo re  an i n v e s t i g a t i o n  was u n d e r t a k e n   t o   d e t e r -  
mine  the  cause o f   t he   p rob lem and t o  u s e   t h i s   i n f o r m a t i o n   t o   p r e p a r e  a s p e c i f i -  
c a t i o n   f o r   t h e   w i r e  and the   rod   ( f rom  wh ich   the   w i re  i s  drawn)  which  would 
p r e v e n t   d e g r a d a t i o n   o f   o x i d a t i o n   c h a r a c t e r i s t i c s   i n   t h e   r e d u c t i o n   o f   t h e   a l l o y  
f rom  bu lk   to   w i re   fo rm.  

The f i r s t   s t e p   i n   t h e   a n a l y s i s  was metal lographic  examinat ion.   Photographs 
o f   t h e   w i r e   s u r f a c e   r e v e a l e d   t h e   p r e s e n c e   o f   t r a n s v e r s e   c r a c k s   a l o n g   t h e   w i r e  
which had p o o r   o x i d a t i o n   r e s i s t a n c e   w h i l e   t h e   w i r e   w i t h  good o x i d a t i o n   r e -  
s i s t a n c e  had none (F igure   1 ) .   Examinat ion   o f   the  1/4 inch  (6.4 mm) diameter  rod 
f rom  which  the  wi re  was drawn a l so   revea led  some su r face   c racks ,   bu t   w i th  a 
frequency much less   t han   on   t he   w i re .   W i res   w i th   poo r   ox ida t i on   res i s tance   were  
found t o   r e g a i n   o x i d a t i o n   r e s i s t a n c e  i f , p r i o r   t o   o x i d a t i o n ,   t h e   w i r e  was etched 
t o  remove a l l   t r a c e s   o f   t h e   s u r f a c e   c r a c k s .   T h i s   i n d i c a t e d   t h a t   t h e   p o o r   o x i -  
d a t i o n   r e s i s t a n c e  was i n i t i a t e d  by the   sur face   layer   con ta in ing   the   c racks .  
Samples w i th   t ransve rse   su r face   c racks   were   f ound   to   ox id i ze  more r a p i d l y  when 
they  were  exposed t o   h y d r o c h l o r i c   a c i d  and then   ox ida t i on - tes ted   w i thou t  
c leaning  the  residue.  Therefore,   improper  c leaning  dur ing  wire  processing  could 
h a v e   c o n t r i b u t e d   t o  i t s  f a i l u r e .  However, t h i s   d i d   n o t   e x p l a i n   t h e   p r e s e n c e   o f  
the  cracks.  I t  was thought  that  improper  drawing  procedures  could  Le a cause 
(e.g. ,   excess ive  reduct ions,   improper   lubr icat ion) .  

The e f fec t   o f   annea l i ng   f u rnace   a tmosphere  was inves t iga ted .   Annea l ing   the  
w i r e   i n   h y d r o g e n   a t  1900°F  (1038°C)  produced n e i t h e r   c r a c k i n g   n o r   g r e a t l y  
acce le ra ted   ox ida t i on .  However, t h e   e f f e c t   o f   n i t r o g e n  was pronounced. As 
shown i n   F i g u r e   2 ,   a n n e a l i n g   i n  a n i t rogen  a tmosphere   fo r   on ly   1 /2   hour   a t  1900°F 
(1038"~ )   p roduced   n i t r i des   t h roughou t   t he   c ross   sec t i on   o f   t he   w i re .  These 
n i t r ides   embr i t t led   the   w i re .   Consequent ly ,   exposure   to   n i t rogen was most 
probably  the  cause  of   surface  cracking  s ince  the  wires  were  annealed  in  cracked 
ammonia dur ing   p rocess ing .  The exposure  dur ing  processing was o n l y   t h e  
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e q u i v a l e n t  o f  about   one  minute  s ta t ic   exposure and t h e r e f o r e ,   n i t r i d e s   w e r e   n o t  
no ted   th roughout   the   w i re 's   c ross   sec t ion .  However, f o r m a t i o n   i n  a t h i n   s u r f a c e  
l a y e r   w o u l d   b e   s u f f i c i e n t  to  produce  the  cracking.  !J i res  which  were  heated  in 
the   n i t rogen   a tmosphere   i n   t he   l abo ra to ry   were   t hen   exposed   to   a i r   a t   1800"~  
(982°C) f o r  24 hours  and  found t o   s u f f e r   a c c e l e r a t e d   o x i d a t i o n   ( F i g u r e  3) .  
Therefore,  exposure o f  t h e   w i r e   d u r i n g   a n n e a l i n g   t o   n i t r o g e n - c o n t a i n i n g  atmos- 
phere was a p p a r e n t l y   t h e   c a u s e   o f   t h e   l o s s   o f   o x i d a t i o n   r e s i s t a n c e   s i n c e   w i r e  
processing  performed  in  an  inert   (non-ni t rogen)  atmosphere  y ie lded good q u a l i t y  
w i re .   Examina t ion   o f   w i re  samples dur ing   var ious   s tages   o f   w i re   d rawing  
revea led   t ha t  most o f   t h e   t r a n s v e r s e   c r a c k s   w h i c h   o c c u r r e d   i n   p o o r   q u a l i t y   w i r e  
a p p e a r e d   a f t e r   t h e   f i n a l  draw i n d i c a t i n g   t h i s  to  be  the  most c r i t i c a l   s t e p   i n  
the  process. 

The l o s s   o f   o x i d a t i o n   r e s i s t a n c e   a f t e r   e x p o s u r e  t o  n i t rogen  appears t o  be 
a r e s u l t   o f   n i t r i d e   f o r m a t i o n   w i t h   t h e   a l l o y i n g   e l e m e n t s .   G e n e r a l   E l e c t r i c  has 
found  tha t   the  GE 1541 a l l o y   l o s e s   i t s  good ox ida t i on   res i s tance  when t h e  
aluminum  level  drops  below 3.5 pe r   cen t .   Apparen t l y   t he   f o rma t ion   o f   n i t r i des  
depletes  the  matr ix   a luminum  to  a concent ra t ion   be low  th is   va lue .  

3.1.2 Rod and W i r e   S p e c i f i c a t i o n .  - Based o n   t h e   r e s u l t s   o f   t h i s   a n a l y s i s ,  
spec i f i ca t i ons   were  drawn  up f o r   t h e  GE 1541 w i r e  and rod   ( f rom  wh ich   t he   w i re  
i s  drawn) t o   p r e v e n t   t h e   l o s s   o f   o x i d a t i o n   r e s i s t a n c e   d u r i n g   p r o c e s s i n g .  The 
s p e c i f i c a t i o n s  were g iven  Bend ix   Research   Labora tor ies   iden t i f i ca t ion  numbers 
and are  designated  as PS-985 (w i re )  and PS-997 ( rod) .  The essence of t he   rod  
s p e c i f i c a t i o n   i s   t h a t   t h e  aluminum  and y t t r i u m   c o n t e n t   o f   t h e   r o d   b e   s u f f i c i e n t l y  
h i g h  ( 4  per   cent  minimum  aluminum  and  0.5 per   cent  minimum y t t r i u m )  so t h a t  i f  
some dep le t ion   occurs   dur ing   w i re   d rawing ,  i t  will not   degrade  the   ox ida t ion  
c h a r a c t e r i s t i c s   o f   t h e   b u l k   a l l o y .   I n   a d d i t i o n ,   t h e   r o d  must  be  thoroughly 
inspec ted   (v isua l  and dye  penet ran t )   fo r   sur face   f laws and c r a c k s   p r i o r   t o   w i r e  
d rawing .   Rad iograph ic   examinat ion   fo r   in te rna l   f laws  i s   a lso   requ i red .  The 
major  requirements o f  t h e   w i r e   s p e c i f i c a t i o n s   a r e :  

1 .  no ni t rogen-containing,  anneal ing  atmospheres 
should  be  employed  and  reducing  atmospheres 
shou ld   genera l l y  be  avoided; 

2.  no  phosphate w i re   d rawing   lubr ican ts   shou ld  
be used s ince  they can  degrade o x i d a t i o n  
res is tance;  

3 .  microscop ic   examinat ion   o f   the   w i re   sur face  
i s   r e q u i r e d   a f t e r   v a r i o u s   s t a g e s   o f   w i r e  
drawing  as a check  for   t ransverse  sur face 
cracks;  

4. w i r e   i s   o x i d a t i o n - t e s t e d   a t  1800°F  (982°C) 
f o r  24 hours   a f te r   va r ious   s tages   o f   w i re  
drawing i n   o r d e r   t o   d i s c o v e r  any l o s s   o f  
o x i d a t i o n   r e s i s t a n c e ;  
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5. w i r e  must  pass  metal lographic  examinat ion,  
o x i d a t i o n   t e s t i n g  and mechanical   property 
requ i remen ts   p r i o r  t o  f , inal   acceptance. 

3.1.3 Wire  Processing. - S t a r t i n g   s t o c k  was  a 2 inch (51 mm) d iameter  rod,  
h o t   e x t r u d e d   a t  1800°F  (982°C) from a vacuum cas t   i ngo t .  The rod was machined 
to remove sur face   f laws and t h e n   h o t   r o l l e d   a t  2000°F  (1093°C) t o  1/4 inch  
(5.4 mm) d iamete r .   A f te r   cond i t i on ing  o f  t h e   h o t   r o l l e d   r o d   i n   p i c k l i n g   s o l u -  
t i ons ,   w i re   d raw ing  was done a t  room tempera ture   us ing   carb ide   d ies   th rough 
0.032 inch  (0.81 mn) d iameter   and  d iamond  d ies  for   the  " f ine  wi re"   be low 0.032 
inch  (0.81 mm) diameter.  Area  reduct  ion  between  anneals  ranged f rom 60 t o  
85 per   cen t   fo r   the   f ine   w i re .   In te rmed ia te   annea ls   were   car r ied   ou t   a t  1400°F 
(760°C) i n   a i r   f o r   w i r e  down t o  0.069 inch  (1.8 mm) diameter.  Subsequent 
anneals down t o   f i n e   w i r e   s i z e  were  performed a t  1800°F (982°C) i n  a i r  through 
a  12 foo t   long   tube  fu rnace  a t  a w i r e  speed o f  90  feet   per  minute  (0.46  m/sec).  
F ine   w i re  was annealed a t  1800°F  (982°C) i n  an argon  atmosphere. The f i n i s h e d  
w i r e  was supp l i ed   i n   t he   as -d rawn   cond i t i on .  

3.2  Poroloy  Process  Development 

3.2.1 Poroloy  Process. - P o r o l o y   i s  a r e g i s t e r e d   t r a d e  name d e s c r i b i n g  
space wound and d i f f u s i o n  bonded  porous  metal made by The Bendix  Corporat ion,  
F i l t e r   D i v i s i o n .  

The Poro loy  process  invo lves  the  wrapping  o f  a f l a t t e n e d   w i r e   b a c k  and 
f o r t h  on a c y l i n d r i c a l  o r  conical  ceramic  coated  mandrel.   Using  the  techniques 
o f  space  winding,  the  mandrel becomes completely  covered by a u n i f o r m l y  spaced 
pa t te rn   o f   w i res   accumu la ted   t o  a des i red   th ickness .  The mandrel and winding 
a r e   t h e n   s i n t e r e d   i n  a pure  dry  hydrogen o r  vacuum atmosphere f o r  a p e r i o d   s u f -  
f i c i e n t   t o   a c c o m p l i s h   c o m p l e t e   b o n d i n g   o f   a l l   w i r e s   a t   c o n t a c t   p o i n t s .   A f t e r  
c o o l i n g ,   t h e   w i n d i n g   i s  removed f rom  the   mandre l ,   ro l l ed   t o   des i red   dens i t y  and 
r e s i n t e r e d   t o   f u r t h e r  expand t h e  bonded areas. I f  a f l a t  sheet i s   d e s i r e d ,   t h e  
c y l i n d e r   i s  s l i t  and f l a t t e n e d .  

The pat tern  descr ibed  on  the  mandre l  by t h e   i n i t i a l   p o i n t   o f   c o n t a c t  between 
the  mandrel and the   w i re   du r ing   w ind ing  i s  a L i s s a j o u s   f i g u r e .  The winding i s  
con t inuous .   A f te r  a predetermined number o f  r e v o l u t i o n s   o f   t h e   m a n d r e l ,   t h e  
L i s s a j o u s   f i g u r e   i s   c l o s e d .   T h i s   c l o s u r e   n o r m a l l y   o c c u r s   a f t e r  two, f o u r   o r   s i x  
t h i c k n e s s e s   o f   w i r e  have  been  accumulated.  For  convenience,  the  winding 
requi red  to   accompl ish one c l o s e d   f i g u r e   i s   r e f e r r e d   t o   a s  a l a y e r ;  however, 
t h e r e   a r e  no t rue   laminat ions   s ince   the   p rocess   i s   con t inuous  and u n i n t e r r u p t e d .  

The m a t e r i a l  used may be  any a l l o y   w h i c h  can be drawn i n t o   w i r e  and 
s in te red .   Cer ta in   a l l oys ,   no tab ly   t hose   con ta in ing   l a rge   quan t i t i es   o f  aluminum, 
t i t a n i u m  and z i rcon ium do n o t   s i n t e r   r e a d i l y .  

The spac ing   o f   the   w i res ,  combined w i t h   r o l l i n g  o r  c o l d   w o r k i n g   a f t e r  
s i n t e r i n g ,   c o n t r o l s   b o t h   p e r m e a b i l i t y  and p o r o s i t y .  The w i r e   s i z e  may be v a r i e d  
t o   c o n t r o l   p o r e   s i z e  and pore  spacing. 
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The w ind   o r   p i t ch   ang le ,   i . e . ,   t he   ang le   t he   w i re   he l i x  makes w i t h  a p lane 
normal t o   t h e   a x i s   o f   t h e   m a n d r e l ,  may be v a r i e d   t o   c o n t r o l   d i r e c t i o n a l   s t r e n g t h  
p roper t i es .   Po ro loy   i s  an a n i s o t r o p i c   m a t e r i a l .  The t e n s i l e   s t r e n g t h   o f  
P o r o l o y   i n  any  one d i r e c t i o n   i s  dependen t   on   t he   re la t i onsh ip   o f   t ha t   d i rec t i on  
t o   t h e   b i s e c t o r   o f   t h e   a c u t e   c r o s s i n g   a n g l e  and to   t he   magn i tude   o f   t he   c ross ing  

l e .  The most i s o t r o p i c   s t r e n g t h   p a t t e r n   i s   o b t a i n e d  w i th  a wind  angle o f  
(go" cross-over  angle).  

1 
A photomacrograph o f  a t y p i c a l   P o r o l o y   c o n f i g u r a t i o n   f o r   t r a n s p i r a t i o n  

i n g   a p p l i c a t i o n s   i s  shown i n   F i g u r e  4. 

F igu re  5 shows a Poroloy  winding  machine. As can  be  seen, t h e   w i r e  i s  
taken  from a spool  and  passed  through a s e t   o f   c a l e n d e r ' r o l l s  where it i s  
f l a t t e n e d   i n t o  a r ibbon.  From there   the   r ibbon  passes   over  a pul ley  arrangement 
(where it i s   p re -s t ressed)  and onto F s h u t t l e   t h a t   p o s i t i o n s   t h e   r i b b o n  on  a 
ro ta t i ng   mandre l .  The w ind   pa t te rn   i s   de te rm ined   by   t he   re la t i ve   pos i t i ons   o f  
t h e   r o t a t i n g  mandrel  and t h e   o s c i l l a t i n g   s h u t t l e .  

3.2.2 D i f f u s i o n  Bonding  Development. - A s  m e n t i o n e d   e a r l i e r ,   a l l o y s  con- 
t a i n i n g   s i g n r f i c a n t  amounts o f  aluminum  can n o t  be d i f f u s i o n  bonded r e a d i l y  
us ing  convent ional   techniques.   Th is   is  due t o   t h e   f o r m a t i o n   o f  a tenacious 
aluminum ox ide  f i l m  which  acts  as a d i f f u s i o n   b a r r i e r .   T h e r e f o r e ,   c o n s i d e r a b l e  
e f f o r t  was d i rected  toward  the  development   o f  new techniques  for   bonding  o f  
GE 1541 and H 875 a l loys  which  both  conta in   approx imate ly  5 per  cent aluminum. 
The var iab les  cons idered and invest igated  were:  

1 .  Jo in t   su r face   p repara t i on .  

2. Contact   pressure.  

3.  Furnace  atmosphere. 

4. Bonding  temperature. 

5. Time at   temperature.  

J o i n t   s u r f a c e   p r e p a r a t i o n :   I n   a l l   d i f f u s i o n   b o n d i n g   p r o c e s s e s  i t  i s  
i m p o r t a n t   t h a t   t h e   j o i n t   s u r f a c e s   a r e   c l e a n  and i n   i n t i m a t e   c o n t a c t  and  remain 
so dur ing  the  bonding  cyc le .   In  some cases a b o n d i n g   a i d   i n   t h e   f o r m   o f   t h e  
i n t r o d u c t i o n   o f   a n o t h e r   m e t a l   i n t o   t h e   j o i n t   i s  advantageous.  This  can  serve 
severa l   func t ions .  

a. I t  can  prevent   the  format ion  o f   ox ide f i l m s  
p r i o r   t o  and dur ing  the  bonding  cyc le .  

b. I t  may form a 1 i q u i d  phase i n   t h e  bond i n t e r -  
zone the reby   re lax ing   t he   requ i remen ts   f o r  
contact   pressure,   temperature,  and t ime. 

A number of  bonding  aids  were  investigated:  copper,  chromium and carbon. 
A cont inuous  c leaning and e l e c t r o p l a t i n g   l i n e  was b u i l t   t o   p l a t e   t h e  0.005 inch 
(0.13 mm) d iameter   wi re  and techniques and q u a l i t y   c o n t r o l  methods  were 
developed t o  ensure a dense  and  adherent  plate.  Carbon was app l i ed   us ing  a  gas 
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carburizing  method.  The  introduction  of  carbon  was  considered  since  thermo- 
dynamic  calculations  indicate  that  carbon can reduce aluminum oxide  under 
vacuum  diffusion  bonding  conditions. 

In the  final  analysis it was found  that  the  chromium  was o f  no  help and 
that carbon  prevented  bonding.  Copper  was  of  negligible  help and was  left  out 
to  prevent  contamination  of  the alloy. 

Contact  pressure:  The  contact  pressure  between  the  wires is normally 
achieved by winding  the  wire  under  tension  below  the  yield  point.  For  the  iron- 
chromium-aluminum  alloys  this proved  to  be  insufficient. Therefore, an over- 
wrapping  technique  was  developed to  increase  the  contact  pressure during bonding. 
The  overwrap  consisted  of a 0.015  inch  (0.38 mm) diameter  molybdenum  wire  which 
was  wound  over  the  Poroloy in a close  helix. 

The mandrel  materials  investigated  were:  Zirconia  ceramic, alumina ceramic, 
stainless steel and mild steel.  The  ceramic  mandrels  were  found to  be  inferior 
to  the  ferrous  mandrels  with  respect  to  contact  pressure  because  of  their  lower 
coefficient  of  thermal  expansion. 

When  Poroloy  was  wound  on mild steel (1010)  mandrels  some  of  the  chromium 
from  the  wire  diffused  into  the  mandrel. This problem  was  eliminated  when 
stainless steel mandrels  were used  because  stainless  steel  has a chromium  con- 
tent comparable to that of  both GE 1541 and H 875. 

When mild steel mandrels  were used  they  could  be  removed in nitric  acid, 
but stainless steel mandrels  could not  be  leached  out. Therefore,  the  mandrels 
were  coated  with alumina before  wrapping so that the  bonded  Poroloy  would 
release. 

In order to  prevent  the  diffusion  of  molybdenum  into  the  Poroloy a thin 
stainless steel  foil  was  placed  between  the  Poroloy and the  wrapper. It was 
coated  with alumina to  prevent  sticking.  This  wrapper  has  two  other  advantages. 
It prevents Cr and A1 from  vaporizing and being  pumped  out and it also limits 
the  amount  of  oxygen  coming  into  the  vicinity  of  the  Poroloy. 

Furnace  atmosphere:  Attempts  to  use high quality dry hydrogen  atmospheres 
(dew  point  less than -8OOF) were  unsuccessful  because  of  discoloration and 
poor  ductility  bonds  as  measured  qualitatively in bend  tests  Successful 
bonding  was  achieved in a vacuum  equal  to  or  better than Torr. 

Bonding  temperature:  After  the  winding and overwrapping  techniques  were 
developed  sample  mandrels  were  made at bonding  temperatures  between  1900 and 
23OOOF  (1038 and 126OOC)  to  determine an optimum  bonding  temperature.  The 
optimum  temperature  was  found  to be 2150 to  2200°F (1178 to  1204OC).  Lower 
temperatures did not produce  adequate bond  area and at higher  temperatures 
grain coarsening  takes  effect. 
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Time at temperature:  Two  hours  was  sufficient, and one  hour  was  found to 
be a minimum and acceptable  only if a second  bonding  cycle is  used after  the 
Poroloy is densified. 

Well-bonded  Poroloy  was  produced  using  several  of  the  investigated  tech- 
niques. The  optimized  procedure used  for diffusion  bonding  Poroloy  made  from 
aluminum containing  alloys is summarized  below: 

1. Joint  surface  preparation:  As-received  wire 
in the  hard  drawn  condition  was  used. It was 
found that bonding aids were not  necessary if 
sufficient  contact  pressure  was used during 
bond i ng . 

2. Contact  pressure:  Sufficient  contact  pressure 
was  achieved  from  differential  thermal  expansion 
when using molybdenum  over-wrap and a type 304 
stainless steel mandrel. 

3. Furnace  atmosphere:  Vacuum  Torr  or  better. 

4. Bonding  temperature:  2175  to 2200°F (1190  to 
1204°C) . 

5. Time at temperature:  1-1/2  hours. 



4 EXPERIMENTAL PROCEDURE 

4.1 Specimen Prepara t ion  

4.1.1 Wire Samples. - W i r e  samples o f   a l l o y s  GE 1541, H 875, DH 245  and 
TD N i  Cr were  inspected  and  prepared  for   test ing.  All wires  were 0.005 i n c h  
(0.13 mm) d iameter  wi th in  to le rances  o f  -k 0.0003 inch  (0.008 mm). The w i r e  
specimens  were  heat   t reated  before  test ing  to   s imulate  anneal ing and g r a i n  
g r o w t h   e f f e c t s   e x p e c t e d   i n   f a b r i c a t e d   P o r o l o y   s t r u c t u r e s .  The heat   t reatment  
e x c e p t   f o r  TD N i  Cr cons is ted  of a 1-1/2  hour  cycle a t  2200°F (1204OC) i n  a 
vacuum o f   b e t t e r   t h a n  10-4 T o r r   f o l l o w e d   b y   c o o l i n g   i n   a r g o n .  TD N i  C r  was 
s imu la ted   s in te red   i n   hyd rogen   fo r  4 hours a t  2200°F  (1204OC). Wires  were 
f i x t u r e d   i n   f u r n a c e   r a c k s  to  min imize  contact  and k i n k s   t o   p r o v i d e  a s t r a i g h t ,  
u n d i s t o r t e d  sample f o r   s t r e s s   r u p t u r e  and t e n s i l e   t e s t i n g .  

4.1.2  Poroloy. - Poroloy was  made from  0.005  inch  (0.13 mrn) d iameter   w i re  
f l a t t e n e d   t o  a r ibbon  approx imate ly  0.002 inch  (0.051 mm) t h i c k  by 0.009 inch  
(0.23 mm) wide and wound w i t h  a s p a c i n g   o f  0.012 inch  (0.31 mm) and a cross-  
ove r   ang le   o f  60 degrees .   A f te r   d i f f us ion   bond ing   t he   resu l t i ng   Po ro loy   t ube  
was s l i t  and  opened i n t o  a sheet.  The  sheet was ca lendered   t o   des i red  permea- 
b i l i t y  and r e s i n t e r e d   t o  enhance d i f f u s i o n  bonds. 

The fab r i ca ted   t h i ckness  was 0.023 inch  (0.58 mm) nominal. A1 1 Poro loy was 
made t o  have a pe rmeab i l i t y   co r respond ing   t o  an a i r  flow r a t e   o f  0.005 lb /sec- inz  
(3.52  kg/sec-m2) f o r  an i n l e t   p r e s s u r e   o f  24.7 p s i a  (170 x 103 N/m2) and a d i s -  
charge  pressure  o f  14.7 p s i a  (101 x 103 N/m2) a t  an a i r   t e m p e r a t u r e   o f  7OoF (21 " C ) .  

4.1.3 Weld  Samples. - W e l d   t e s t  specimens  were made f rom  Poro loy made o f  
GE 1541, H 875, DH 242 and TD N i  Cr a l l o y s   e l e c t r o n  beam welded t o   s i m u l a t e d  
s t r u t  specimens o f  I N  100  and  lnconel 713C a l l o y s .  The s t r u t  specimens  were 
machined t o  have four   lands 0.060 inch (1.5 rnm) deep t o   s i m u l a t e  a t u r b i n e   b l a d e  
o r   sh roud   con f igu ra t i on .  The Poro loy was f i x t u r e d   t o   t h e   s t r u t   m a t e r i a l  and 
e l e c t r o n  beam welded to   t he   l ands   us ing   t he   f o l l ow ing   we ld   pa ramete rs :  75 k i l o -  
v o l t s ,  2.5 m i l l i a m p e r e  and  30  inches  per  minute  (1.3  cm/sec)  weld speed w i t h   t h e  
beam focused  on   the   sur face   o f   the   Poro loy .  The welds  were  evaluated  by  metal lo-  
graphic   examinat ion.  

4.1.4 Ox ida t ion  Specimens. - T h r e e   p e r m e a b i l i t y  specimens,  two  by  two 
inches,  were made f o r  each o f   t h e  GE 1541, H 875, TD N i  Cr and DH 242 a l l o y s .  
The f o l l o w i n g  samples  were f a b r i c a t e d   o n l y   f o r   t h e  GE 1541 and H 875 a l l o y s  
s ince   these were the   two  most   p romis ing   a l loys   fo r   wh ich  more ex tens ive   eva lu -  
a t i o n  was des i red.   For   each  a l loy- t ime- temperature  combinat ion,   three  tens i le  
and we igh t   ga in  specimens  0.5 x 6.0 inches ( 1 3  x 152 mm) w e r e   c u t   w i t h   t h e  
6 inch  (152 mm) s i d e   p a r a l l e l   t o   t h e   c r o s s - o v e r   a n g l e   b i s e c t o r .  One o f   t h e s e  
had a s m a l l   t a b   o f  I N  100 a l l o y   a t t a c h e d   b y   e l e c t r o n  beam weld ing.  Each o f  
these  specimens was measured t o   d e t e r m i n e   i t s   a c t u a l   s i z e  and area.  Thickness 
was measured w i t h  a micrometer  using a p i n   a n v i l .  Measurements  were made a t  
t h r e e   p o i n t s   a l o n g   t h e  specimen l e n g t h   t o   t h e   n e a r e s t  0.0001 inch  (0.003 mm). 
Specimen weight was determined t o  2 0.1 mg w i t h  an ana ly t i ca l   ba lance.  
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J o i n t   t e n s i l e  specimens  were  prepared  by  electron beam weld ing  a 0.5 inch  
(13 mm) w i d e   s t r i p  of  Poroloy to  an I N  100 s t r u t   m a t e r i a l .   T h r e e  specimens of  
each a l l oy   were   p repared   f o r   each   o f   t he   f o l l ow ing   cond i t i ons :   be fo re   exposure ,  
a f t e r  100 and a f t e r  600 hours  exposure. A s k e t c h   o f   a l l   o x i d a t i o n  specimens i s  
shown i n   F i g u r e  6 .  

4.1.5 ~ ~ Poroloy Stress  Rupture and Hot T e n s i l e  Specimen. -These  specimens 
were  sheared t o  0,75-x 3.5 -inches (19 x 89 mn) w i t h   t h e   l o n g   s i d e   p a r a l l e l  to  
t h e   c r o s s - o v e r   a n g l e   b i s e c t o r .   H a l f   o f   t h e   h o t   t e n s i l e  specimens  were o x i d i z e d  
for 24 hours a t  1800°F ( 9 8 2 " ~ )   i n   t h e   a i r   p r i o r  to  t e s t i n g .  The machined  speci- 
mens had a t y p i c a l   t e n s i l e  specimen  shape w i t h  a w i d t h  o f  0.375 inch  (9.5 mm) 
and a gage l e n g t h  o f  1 .O inch  (25.4 mm). 

4.2 Ox ida t ion  

4.2.1 Apparatus. - Specimens were   con ta ined   i n   z i r con   ce ramic   t h imb les  
d u r i n g   o x i d a t i o n   c y c l i n g   t o   c o l l e c t  spa11  and avoid  extraneous  contaminat ion.  
The thimbles  were shaped l i k e   t e s t   t u b e s  0.88 O . D .  X 0.75 I . D .  x 7 inches 
(22 x 19 x 178 mn) l o n g   w i t h  a f l a t   d i s c   l i d  and hav ing   four  0.13 inch  (3.3 mm) 
a i r - c i r c u l a t i n g   h o l e s   d r i l l e d   n e a r   t h e   t o p  and bottom  as shown i n   F i g u r e  7. 
P r e l i m i n a r y   t e s t s  w i th  m i l d   s t e e l  showed t h a t   t h i s  a r rangement   a l lows  su f f i c ien t  
a i r   c o n v e c t i o n  so t h a t   r e s u l t s   a r e   e s s e n t i a l l y   e q u i v a l e n t   t o  open a i r   o x i d a t i o n .  
Z i rcon  base  ceramic  mater ia l  (ZrO2 - SiO2, Leco  528-125) was chosen t o   m i n i m i z e  
f l u x i n g   o r   o t h e r   i n t e r a c t i o n  between  metal  oxides and the   th imb le .  Specimens 
were  placed i n   t h e   t h i m b l e s   w i t h   f o u r - p o i n t   c o n t a c t   a t   t h e   c o r n e r s   o f   t h e   s p e c i -  
mens. Th imb les   were   ve r t i ca l l y   suppor ted   i n  a 2 x 7 a r ray   on  a spec ia l   rack  
made from  0.19  inch (4.8 mm) d iameter   type 330 s ta in less   s tee l   w i re .   N ine   racks ,  
one f o r  each  exposure  t ime  cycle,  were  arranged  on a moveable  skid-pan. Thermo- 
coup les   o f  No. 14 gauge  Chromel-Alumel  were located  several   p laces  on  the  skid.  
F i g u r e  7 shows specimen  and rack   layout  and  thermocouple  posit ions. An auto- 
m a t i c a l l y   c o n t r o l l e d  and r e c o r d i n g   e l e c t r i c   f u r n a c e   w i t h  13 x 16 x 48 inch  
(330 x 407 x 1220 mm) chamber was used to   ma in ta in   t empera tu res   w i th in  + 1 per  
cen t   o f   t he   nomina l   se t t i ng .  

- 

4.2 .2   Schedu le .   -Ox ida t ion   cyc l ing   p rocedures   cons is ted   o f   ad jus t ing   the  
fu rnace   t o   t he   requ i red   t empera tu re   w i th  a p r o p o r t i o n a l   c o n t r o l l e r   s e t   t o   m i n i -  
mize  temperature  f luc tuat ion.   Prepared  sample  sk id-pans  were  loaded  wi th  a 
f o r k l i f t   d o l l y   i n t o   t h e   f u r n a c e  and  power was increased  and  then  backed-off t o  
"meet" the  temperature and min imize   lag .   Fu l l   fu rnace  recovery   t ime was l e s s  
than   one   hou r   f o r   a l l   r uns .   A f te r   exposure   f o r   t he   requ i red   t ime ,   t he   sk id -pan  
was removed and a l l  sample sets   were  cooled  to  room temperature  in   about  one 
hour i n   s t i l l   a i r  under  ambient  condi t ions.  The assigned  rack was then removed 
for l a t e r   e x a m i n a t i o n  and t h e   o t h e r  samples  were  returned to   t he   f u rnace .   Th i s  
procedure was repeated for each  t ime  in te rva l  4, 16, 64, 100,  200,  300,  400, 
500  and  600 hours  and for each  temperature o f  1800  and  2000°F  (982  and 1093°C) 
f o r   t h e  GE 1541 and H 875 a l l o y s .  The TD N i  C r  and DH 242 a l l oys   were   ox id i zed  
a t  1700  and  1800°F (927  and  982°C). 
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4.3 O x i d a t i o n  Specimen  Examination  and  Testing 

A f te r   ox ida t i on   exposure  o f  t h e  GE 1541 and H 875 Poroloy mate r ia l s ,   t he  
fo l low ing   charac ter is t i cs   were   de termined  a f te r   each  tempera ture- t ime  per iod :  

1. T o t a l   o x i d a t i o n   w e i g h t   g a i n  

2.  Permeabi 1 i t y  

3. Thickness  change 

4. Mechan ica l   p roper t ies   a t  room temperature 

5. J o i n t   t e n s i l e   s t r e n g t h  

6 .  Meta l l og raph ic   examina t ion   o f   Po ro loy   and   we ld   j o in t s .  

Only  permeabil i t y  was determined  for   the Td N i  Cr and DH 242 a1 loys .  

4.3.1 Weight  Gain. - The  samples  were  weighed t o  0.1 mg t o   d e t e r m i n e   t o t a l  
ox idat ion  weight   ga in.   Data was ob ta ined as t h e   d i f f e r e n c e   b e t w e e n   o r i g i n a l  
weight  and w e i g h t   a f t e r   o x i d a t i o n .   O x i d e   s p a l l i n g  was no t   obse rved   i n  any o f  
t he   t es ts .  

4.3.2  Permeabi 1 i t y .  - The p e r m e a b i l i t y   o f   e a c h  specimen was measured i n  
the   as- fabr ica ted   cond i t ion   and  a f te r   each  exposure  time i n t e r v a l .   I n   t h i s  
w o r k ,   p e r m e a b i l i t y   i s   d e f i n e d  as t h e   a i r   f l o w   r a t e   f o r  an i n l e t   p r e s s u r e   o f  
24.7 p s i a  (170 x 103 N/m2) and a d i scha rge   p ressu re   o f  14.7 p s i a  (101 x 103 N/m2) 
a t  an a i r   t e m p e r a t u r e  of 7OoF  (21OC). Probe  diameter was 1.129 inch  (28.7 mm) 
co r respond ing   t o  one  square  inch o f  area. The a i r   f l o w i n g   t h r o u g h   t h e  specimen 
had a tempera ture   o f   about  7OoF (21 "C) and was f i  1 te red   th rough a f i v e   m i c r o n  
nominal f i l t e r .  The v o l u m e t r i c   f l o w  was measured  on t h e  downstream s ide   us ing  
a ro tomete r   w i th  an accu racy   w i th in  1 p e r c e n t   o f   f u l l   s c a l e .  

4.3.3 Thickness Change. - A f t e r   w e i g h i n g ,   t h e  specimens  were  measured 
w i th   t he   m ic romete r   a t   t he  same re fe rence   po in ts  shown i n   F i q u r e  6 t o  determine - 
gross  changes i n   t h i c k n e s s  due t o   o x i d a t   i o n .  

4.3.4 Mechanical   Propert ies.  - Each o f   t h e   t h r e e   o x i d a t i o n  specimens  from 
each  t ime- tempera ture-a l loy   combina t ion   were   cu t   in to   two  p ieces   o f   four  and  two 
inch   l eng ths   respec t i ve l y .  One o f  the  two  inch  length  specimens was bent  around 
a rad ius  three  t imes  the  th ickness (1/8 inch  (3.2 mm) d iameter  was used) t o  
determine  the  angle o f  bend a t   w h i c h   f r a y i n g   o r   f r a c t u r i n g   w o u l d   o c c u r .  All 
the   f ou r   i nch   l eng th  specimens  were t e n s i l e   t e s t e d   a t  a c o n s t a n t   r a t e   o f  0.050 
inch/minute (0.02  cm/sec) on an l ns t ron   t es t i ng   mach ine  to p r o v i d e  a cont inuous 
s t r e s s - s t r a i n   c u r v e .   U l t i m a t e   t e n s i l e   s t r e n g t h  and y ie ld   s t reng th   (0 .2   pe rcen t  
o f f - s e t )  were  determined  on  the  basis o f  measured  gross  specimen  thickness  be- 
f o r e   o x i d a t i o n .   E l o n g a t i o n  and  modulus o f   e l a s t i c i t y  were  measured  from  the 
s t ress -s ta in   p lo t .   I den t i ca l   t es ts   were   conduc ted   on   as - fab r i ca ted   Po ro loy .  
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The j o i n t   t e n s i  l e  tes ts   were   per fo rmed  a t   the  same crosshead  speed to g i v e  a 
measure f o r   t h e   s h e a r   s t r e n g t h   o f   t h e   P o r o l o y / s t r u t   l a p   j o i n t .  

4.3.5 Metal   lographic  Examinat ion.  - Poroloy and P o r o l o y / s t r u t   a l l o y  
weld  samples  were  examined  metal loqraphical lv  to  determine  the  nature  and  extent 
of o x i d a t i o n  as w e l l  as m i c r o s t r u c i u r a l  changes which  occurred as a r e s u l t   o f  
the  heat  t reatment.  A1 1 me ta l   l og raph ic  samples  were  mounted wi th   co ld-mount  
m a t e r i a l  so  as to  a v o i d  sample d i s t o r t i o n  and to   p rese rve   ox id i zed   l aye rs .  
S ta in less   s tee l   sh ims  were  mounted wi th  the   Poro loy  to  a i d  edge r e t e n t i o n  i n  
po l ish ing .   S tandard   meta l lu rg ica l   po l   i sh ing   p rocedures   were  employed w i t h  
f i n i s h   p o l i s h i n g   p e r f o r m e d   w i t h  0.3 pm alumina.  Most o f  t h e   o x i d i z e d  specimens 
were  unetched i n   o r d e r  to h i g h l i g h t   t h e  degree o f   ox ida t i on .   E tched   m ic ros t ruc -  
t u r e s   o f   a l l   P o r o l o y   w e l d  samples i n   t he   unox id i zed   cond i t i on   were   p repared .  
The etchants  used  are  summarized i n   T a b l e  3. Photographs  were made on e i t h e r  a 
macro  camera or a m e t a l   l o g r a p h   w i t h   n o r m a l   r e f l e c t e d   l i g h t   a t   a p p r o p r i a t e  mag- 
n i f i c a t i o n s   t o  emphasize t h e   f e a t u r e s   o f   i n t e r e s t .  

4.4 Stress  Rupture and  Hot Tensi le   Tests  

S t ress   rup tu re  1 ives up t o  100 hours  were  determined for  GE 1541 and H 875 
a l l o y s   b o t h  as 0.005 inch  (0.13 mm) d iameter   w i re  and as Poroloy.  The Poro loy 
tests   were  per formed  a t  1800°F  (982°C).  Wire t e s t i n g  was per formed  a t  1800 and 
2000°F  (982  and  1093°C).  Wire tests  were  performed  on  specimens o f  about  two 
f e e t   i n   l e n g t h   w i t h   a b o u t   s i x   i n c h e s   c o n t a i n e d   i n   t h e   h o t  zone. Apparatus  con- 
s i s t e d   o f  a ho r i zon ta l   t ube   f u rnace  w i t h  s i x  thermocoup le   s ta t ions   w i th in   the  
h o t  zone. Test zone temperatures  were  continuously  recorded.  Wire  specimens 
were s t r u n g   t h r o u g h   t h e   s p l i t   s h e l l   f u r n a c e  and  one w i r e  end was f a s t e n e d   w i t h  
s p l i t   s h o t   t o  a spr ing- loaded  micro-swi tch  which  cont ro l led an au tomat i c   i n te r -  
v a l   t i m e r .  The o the r   w i re   end  was dead weight  loaded  over a b a l l   b e a r i n g  
pul   ley.  The pu l ley   sys tem was t e s t e d   f o r   d r a g  and was found to  c o n t r i b u t e   l e s s  
than  10.0 mg e r r o r .   F o u r   w i r e s   w e r e   t e s t e d   s i m u l t a n e o u s l y   w i t h   f o u r   p a r a l l e l  
switch-pul ley  systems. A schematic o f   t h e   t e s t   a p p a r a t u s   i s  shown i n   F i g u r e  8. 
Tests  were made t o   p r o v i d e   t h r e e   t o   f o u r   d a t a   p o i n t s   f o r   e a c h   a l l o y   w i t h i n   t h e  
100 hour  t ime  range.  Tensi le  test ing  of   both  wire  and  Poroloy  specimens o f  
GE 1541 and H 875 a1 loys  were  performed  at  1800°F  (982°C). 

4.5 Weld Examination 

E l e c t r o n  beam welds o f  GE 1541, H 875, DH 242 and TD N i  C r  Poro loy to  
I N  100 and  lnconel 713C s t r u t   a l l o y s   w e r e  examined m e t a l l o g r a p h i c a l l y .  The 
bas is  o f  e v a l u a t i o n  was f reedom  f rom  cracks,   poros i ty ,   undercut t ing,   sur face 
i r r e g u l a r i t i e s  and d e t r i m e n t a l   m i c r o s t r u c t u r a l  changes. 
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5 RESULTS AND DISCUSSION 

5.1 S t a t i c   O x i d a t i o n   T e s t s  

S t a t i c   o x i d a t i o n   t e s t s ,  24  hours a t  180OOF (982"C),  were c a r r i e d   o u t   o n  
w i r e  and Poroloy  samples t o  screen them f o r   o x i d a t i o n   r e s i s t a n c e .  The  poor oxi-  
d a t i o n   r e s i s t a n c e   o f  DH 245 P o r o l o y   m a t e r i a l   i n   t h i s   t e s t  was the  reason i t  was 
d ropped   f rom  cons ide ra t i on   f o r   cyc l i c   ox ida t i on   t es t i ng .   Pho tomic rog raphs   o f  
t he   ox id i zed   w i res  and  Poroloy  are shown i n  Appendix F. A l s o   i n c l u d e d   i n   t h i s  
Appendix   are  the  weight   ga in  resul ts   f rom  these  tests .  

5.2 Cyc l i c   Ox ida t i on  

5.2.1 Weight  Gain. - The s p e c i f i c   o x i d a t i o n   w e i g h t   g a i n   f o r  GE 1541 and 
H 875 P o r o l o y   a t  1800 and  2000°F  (982  and 1093°C) i s  shown as a f u n c t i o n   o f  time 
i n   F i g u r e  9 ( s p e c i f i c   w e i g h t   g a i n   i s  based  on  the  apparent  surface  area and  does 
n o t   i n c l u d e   t h e   i n t e r n a l   a r e a   o f   t h e   p o r o u s   s t r u c t u r e ) .  These resu l t s   a re   t abu -  
l a t e d   i n  Appendix A and g r a p h i c a l l y   i l l u s t r a t e d   w i t h   d a t a   p o i n t s   i n   A p p e n d i x  6. 
The l a t t e r   p l o t s  have some d a t a   p o i n t s   t h a t   a r e   d e f i n i t e l y   l o w e r   t h a n   t h e   s t r a i g h t  
l i n e  f i t  t o   t h e   d a t a .  These low  po in ts   cor respond  to  samples t h a t  were o x i d i z e d  
a t  a lower  temperature  than  those  which f a l l  on   the   curve .   Th is   i s  a consequence 
o f   t h e   t e m p e r a t u r e   g r a d i e n t   i n   t h e   f u r n a c e   r e l a t i v e  to the  specimen  layout as 
shown i n   F i g u r e  7. No ox ide  spa11 i n g  was observed  under  any o f   t h e   t e s t   c o n d i -  
t ions .  A t  both  temperatures  the GE 1541 m a t e r i a l   g a i n e d   s i g n i f i c a n t l y  more 
weight   than  the H 875 m a t e r i a l  - 85% more a t   1 8 0 0 " ~  (982°C)  and 56% more a t  
2000°F  (1093°C). The w e i g h t   g a i n   d a t a   s h o u l d   r e f l e c t   t h e   p r o p e n s i t y   o f   t h e  
Poro loy   ma te r ia l   f o r   p lugg ing .  However,  as will be d i s c u s s e d   i n   t h e   f o l l o w i n g  
s e c t i o n  on permeabi 1 i t y   r e s u l t s ,   t h e   o x i d a t i o n   w e i g h t   g a i n   d a t a  does no t   co r re -  
l a te   w i th   t he   dec rease   i n   pe rmeab i l i t y   f o l l ow ing   exposure .  

The s t r a i g h t   l i n e   p l o t   o f   w e i g h t   g a i n   v e r s u s   t i m e   o n   l o g   p a p e r   i n d i c a t e s  
a r e l a t i o n s h i p   o f   t h e   f o r m  Aw = k t n  when Aw i s   t h e   w e i g h t   g a i n ,  t the  exposure 
t ime   w i th  k and n  as c o n s t a n t s   a t  a given  temperature. The exponent n was 
found  to  be  approximately  the same f o r  GE 1541 and H 875 a t  a given  temperature 
w i t h  a v a l u e   o f   0 . 2 7   a t  1800°F  (982°C)  and  0.35 a t  2000°F  (1093°C). The f a c t  
tha t   the   exponent   i s   less   than 0.5 sometimes i n d i c a t e s   t h a t  a s i n g l e   d i f f u s i o n  
process i s   n o t   c o n t r o l l i n g   t h e  g rowth .   O the r   i nves t i ga to rs   have   a t t r i bu ted   t h i s  
t o   i n t e r n a l   o x i d a t i o n   o f   t h e   y t t r i u m   i n  GE 1541. However, our   resu l ts   showing 
H 875 and GE 1541 as hav ing   the  same e x p o n e n t   r e f u t e   t h i s   c l a i m  and i n d i c a t e  
t h a t   i n   b o t h   a l l o y s   o x i d a t i o n  i s  governed  by  the same physical   process.  Since 
H 875 does n o t   c o n t a i n   y t t r i u m ,   t h e   l o w   v a l u e   o f  n may n o t  be a t t r i b u t e d   t o  
y t t r i u m   o x i d a t i o n .   T h e r e f o r e ,   t h e  mechanism  and k i n e t i c s   o f   o x i d a t i o n  appear 
l i t t l e   a f f e c t e d  by t h e   y t t r i u m   i n  GE 1541. As r e p o r t e d   i n   r e f e r e n c e  8 the 
o x i d e   s c a l e   o f   b o t h   a l l o y s   i s   f o u n d   t o  be predominant ly a Al2O3.  However, the 
y t t r i u m  may i n f l u e n c e   t h e   k i n e t i c s   o f   o x i d a t i o n   i n  a dynamic o x i d a t i o n   t e s t  
( s i m i l a r   t o   c o n d i t i o n s   i n  a j e t  engine) i n  wh ich   the   p ropens i ty   fo r   spa l l ing  i s  
g rea te r .   I n   t h i s   case   t he  GE 1541 k i n e t i c s  may b e   s l o w e r   r e l a t i v e   t o   t h e  H 875 
a l l o y  because y t t r i u m  promotes  scale  adherence  (references 9 and 10). 
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5.2.2 Permeab i l i t y .   -The  permeab i l i t y ,   expressed as  a p e r c e n t   o f   t h e   a i r  
f l o w   p r i o r   t o   o x i d a t i o n ,   i s   p r e s e n t e d   i n   F i g u r e  10 f o r   t h e  GE 1541 and H 875 
a l l o y s .  These da ta   a re   p resen ted   i n   t abu la r   f o rm  i n   Append ix  A and i n   g r a p h i c a l  
form w i t h  da ta   po in ts   i n   Append ix  B. A f t e r  600 hours   t o ta l   exposure   a t  1800°F 
(982°C) bo th   a l loys   have  approx imate ly   the  same p e r m e a b i l i t y  - 80% o f   t h e   p r e -  
ox id ized   va lue .  A t  2000°F (lOg3"C), t h e   p e r m e a b i l i t y  o f  the  GE 1541 m a t e r i a l  
i s  78% o f   t h e   p r e - o x i d i z e d   v a l u e   w h i l e   t h a t   o f   t h e  H 875 i s   o n l y  56%. Al though 
b o t h   a l l o y s  have  approximately  the same r e t e n t i o n   o f   p e r m e a b i l i t y   f o l l o w i n g  
1800°F  (982°C) o x i d a t i o n   f o r  600 h o u r s ,   t h e   k i n e t i c s   o f  change a r e   n o t   t h e  same. 
The GE 1541 m a t e r i a l   d e c r e a s e s   r a p i d l y   d u r i n g   t h e   f i r s t  4 hou rs   o f   ox ida t i on  
exposure  and  then  remains  re la t ive ly   constant  up t o   t e s t   t e r m i n a t i o n   a f t e r  600 
hours  exposure.   In   cont rast ,   the H 875 P o r o l o y   e x h i b i t s  a g radua l   bu t   dec l i n ing  
ra te   o f   dec rease   du r ing   t he   en t i re   exposure   pe r iod .  The rapid  decrease  and  then 
r e l a t i v e l y   c o n s t a n t   p e r m e a b i l i t y   l e v e l   o f   t h e  GE 1541 Poro loy  suggests   that   the 
pe rmeab i l i t y   cou ld  be ma in ta ined   app rox ima te l y   cons tan t   du r ing   app l i ca t i on   I n  
vane  cool ing by p r e - o x i d a t i o n  o f  t h e   P o r o l o y   p r i o r   t o   i n s t a l l a t i o n   i n t o   t h e  
engine.  This  approach i s   a l so   sugges ted   i n   re fe rence  1 1 .  

These resu l t s   a re   no t   cons i s ten t   w i th   t he   we igh t   ga in   resu l t s   repo r ted   i n  
Sect ion 5.1.1 s ince   t he  permeabi 1 i ty   wou ld  be  expected t o  decrease as the  ox ida-  
t ion   inc reased.  I t  was i n i t i a l l y   t h o u g h t   t h a t   t h e   h i g h e r   w e i g h t   g a i n   o f   t h e  
GE 1541 Poro loy   w i thou t   t he   a t tendan t   pe rmeab i l i t y   d rop   cou ld  be a t t r i b u t e d   t o  
i n t e r n a l   o x i d a t i o n .  However,   metal   lographic  examinat ion  of   the  Poroloy  (see 
Sect ion 5.1) revea led   t ha t   t he   su r face   ox ide   l aye r   d id   i nc rease   w i th   t ime  and 
was i n   f a c t   t h i c k e r   t h a n   t h a t   o f   t h e  H 875. The e x p l a n a t i o n   f o r   t h e   r e l a t i v e  
constancy o f  the GE 1541 Poro loy i s  as y e t  unknown. The permeabil i t y   r e s u l t s  
fo r   t he  TD N i  Cr and DH 242 a l l o y s ,   f o l l o w i n g   o x i d a t i o n   a t  1700 (927°C)  and 
1800°F  (982"C),  are  presented i n   g raph ica l   f o rm  w i th   da ta   po in ts   i n   Append ix  B. 
The p e r m e a b i l i t y   r e t e n t i o n   o f   t h e s e   a l l o y s  i s  c l e a r l y   l e s s   t h a n   t h a t   o f   t h e  Fe- 
Cr-A1 a1 loys .  A graphica l   compar ison  o f   permeabi l i ty   versus  ox idat ion  exposure 
i s  made f o r   t h e  GE 1541 a l l o y   a t  2000°F  (1033°C)  and the DH 242 and TD N i  Cr 
a l l o y s  a t  1700°F  (927°C) i n   F i g u r e  1 1 .  T h i s   g r a p h   i l l u s t r a t e s   t h a t   t h e  GE 1541 
a l l o y  has more p e r m e a b i l i t y   r e t e n t i o n   a t  2000°F  (1033°C) than  the   n icke l  base 
a1 l o y s  have a t  1700°F  (927°C). 

5.2.3  Thickness Change. - G r o s s  th ickness changes are  recorded as a func- 
t i o n   o f   o x i d a t i o n   e x p o s u r e   i n   A p p e n d i x  A. The th i ckness   genera l l y   i nc reases   w i th  
p rogress ive   ox ida t ion .  However, t h e   r e s u l t s  show c o n s i d e r a b l e   s c a t t e r  because 
o f   t h e   d i f f i c u l t y   i n   m e a s u r i n g   s m a l l   t h i c k n e s s  changes w i t h  a micrometer. 

5.2.4 Bend Tests. - Bend t e s t   r e s u l t s   a r e  summarized i n  Appendix A. A1 1 
samples, bo th   as - fab r i ca ted  and f o l l o w i n g   o x i d a t i o n   u n d e r   a l l   c o n d i t i o n s ,   c o u l d  
be bent 180" on a 3T ( th ree   t imes   t he   t h i ckness )   rad ius   w i thou t   ev idence   o f  
f r a c t u r i n g  o r  f r a y i n g .  The oxide  appeared t o  adhere Neil. 

5.2.5 Tens i le   S t rength .  - Room temperature  tens i le   tests   were  conducted 
f o r   a s - f a b r i c a t e d  and o x i d i z e d  samples o f  GE 1541 and H 875 Poro loy t o  determine 
t h e   u l t i m a t e   t e n s i l e   s t r e n g t h ,   t h e   0 . 2 %   o f f s e t   y i e l d   s t r e n g t h ,   e l o n g a t i o n  and 
the modulus o f   e l a s t i c i t y ,   R e s u l t s   a r e  summarized i n   T a b l e  4 and t a b u l a t e d   i n  
Appendix A. One o f   t h e  most i m p o r t a n t   p r o p e r t i e s   i n   t h e   a p p l i c a t i o n   o f   t h e s e  
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m a t e r i a l s   t o   t r a n s p i r a t i o n   c o o l i n g   i s   d u c t i l i t y   r e t e n t i o n .  As can  be  seen i n  
Table 4, ox ida t ion   exposurk  does n o t   d e c r e a s e   d u c t i l i t y  and, i n   f a c t ,  may s l i g h t l y  
increase it. The u l t i m a t e   t e n s i l e   s t r e n g t h   i s   u n a f f e c t e d   f o l l o w i n g  600 hours 
exposure  a t  180OOF (982°C) f o r   b o t h   a l l o y s .   O x i d a t i o n   a t  2000°F (1093°C) de- 
c reases   th is   p roper ty   less   than 15%. The y i e l d   s t r e n g t h   d e c r e a s e   f o r   b o t h  
a l l o y s   i s   l e s s   t h a n  10% a f t e r  1800°F (982°C)  exposure  and  less  than 15% a f t e r  
2000°F (1093°C) exposure.  Degradation o f  these   p roper t i es   t hen   i s  o f  i n s u f f i -  
c i en t   magn i tude   t o   h inde r   Po ro loy   imp lemen ta t i on   i n   t ransp i ra t i on   coo l i ng   app l i -  
ca t i on .  The  room t e m p e r a t u r e   t e n s i l e   p r o p e r t i e s   o f   t h e  DH 242, DH 245  and 
TD N i  Cr P o r o l o y   m a t e r i a l s   a r e   a l s o   i n c l u d e d   i n   T a b l e  4 fo r   re fe rence .  

5.2.6 Jo in t   Tens i l e   S t reng th .  - For a l l  samples t e s t e d ,   t h e   s t r e n g t h   o f  
t he   e lec t ron  beam w e l d   i o i n t  between the  Porolov  and I N  I00 s t r u t   a l l o v  were 
h ighe r   t han   t ha t   o f   t he -Poro loy .   Tha t   i s   t he   t ens i l e  sample  always f r a c t u r e d  
i n   t he   Po ro loy   ra the r   t han   i n   t he   we ld  zone. However,  the  samples  exposed a t  
2000°F  (1033°C) f o r  600 hours   exper ienced   seve re   ox ida t i on   o f   t he   s t ru t   ma te r ia l  
which  degraded  the  weld t o   t h e   e x t e n t   t h a t   t h e   s t r u t  and  Poroloy  separated. 
Therefore,   no  s t renqth  data was o b t a i n e d   a f t e r   t h i s   e x p o s u r e .   T h i s   f a i l u r e   i s  
n o t  deemed s e r i o u s   i n   a c t u a l   a p p l i c a t i o n   s i n c e  i t  was i n i t i a t e d  by  the s 
mater ia l   wh ich  was no t   des igned   to   ope ra te   a t  2000°F  (1093°C). 

5.2.7 Meta l lographic   Examinat ion.  - The Poro loy and the  Poro loy/ lN 
i o i n t s  were  examined  metal  loqraphical l y  f o r  each  t ime-temperature  condi t 

t r u t  

;he cyc l i c   ox ida t i on   t es ts .   -Pho tomic roq raphs   o f   t he   Po ro iov  samples a re  

100 weld 

presented 
i o n   o f  

i n  Appendix C,  F igures C - 1 ,  C-2, C-5 ,  and 'c-6. P r o g r e s s i v e - o x i d a t i o n   w i t h   t i m e  
o f   b o t h  GE 1541 and H 875 i s  ev ident   a t   bo th   tempera tures .  The GE 1541 ox ide  
sca le   appears   t h i cke r   t han   t ha t   o f   t he  H 875 w h i c h   i s   c o n s i s t e n t   w i t h   t h e   w e i g h t  
g a i n   r e s u l t s .  No s p a l l i n g   o r   p l u g g i n g  was noted.  There was no s i g n i f i c a n t   o x i -  
d a t i o n   o f   t h e  bond j o i n t s   w h i c h   i n d i c a t e s  good  bond i n t e g r i t y .  

Photomicrographs o f   t h e   w e l d   j o i n t s   a r e  shown i n  Appendix C, F igures C-3 ,  
C - 4 ,  C - 7 ,  and C-8 .  A t  1800°F (982"C),  although  the  weld zone o x i d i z e d   t o  a 
g rea ter   ex ten t   than  the   Poro loy ,   the   ex ten t   o f   ox ida t ion  was n o t   g r e a t  enough t o  
se r ious l y   deg rade   the   j o in t   s t reng th .   Th i s  was c o n f i r m e d   i n   t h e   j o i n t   t e n s i l e  
t e s t s  because t h e  samples f a i l e d   i n   t h e   P o r o l o y   r a t h e r   t h a n   a t   t h e   w e l d   j o i n t .  
A t  2000°F (1093°C) e x t e n s i v e   o x i d a t i o n   o c c u r r e d   a t   t h e   w e l d  zone o f  both GE 1541 
and H 875 a t   the   longer   exposure  time w i t h  t h e   e f f e c t  more pronounced i n   t h e  
GE 1541 m a t e r i a l .  GE 1541 w e l d   j o i n t s   c o m p l e t e l y   o x i d i z e d   a t   e x p o s u r e   t i m e s   o f  
300 hours   and  longer   wh i le   th is   occur red   in   the  H 875 w e l d   j o i n t s   a t  500 hours 
and   l onger   exposure .   Th i s   seve re   ox ida t i on   i s   a t t r i bu ted   t o   t he   f ac t   t ha t   t he  
s t r u t   a l l o y  IN 100 s u f f e r s   r a p i d   o x i d a t i o n   a t   t h i s   t e m p e r a t u r e  and  consequently 
i n i t i a t e d   a c c e l e r a t e d   o x i d a t i o n   o f   t h e   P o r o l o y .   I n   a d d i t i o n ,   t h e r e  may have  been 
some d e g r a d a t i o n   o f   t h e   o x i d a t i o n   r e s i s t a n c e   i n   t h e   w e l d  zone dur ing   we ld ing  as 
a consequence o f   t h e   m e l t i n g  and a l l o y i n g   o f   t h e  two a l l o y s .  The ex tens i ve  
o x i d a t i o n  of t h e   s t r u t   a l l o y   s l u g   i s  shown i n   F i g u r e  C-9. The ex tens ive   ox ida-  
t i o n   o f   t h e   w e l d   j o i n t  was c o n f i n e d   m a i n l y   t o   t h a t   a r e a   i n   t h e  H 875 m a t e r i a l  
(Figure  C-10). However, w i t h  GE 1541, once  the  severe  ox idat ion was i n i t i a t e d ,  
it propagated  along  the  length  of   the  sample,   Figure C - 1 1 .  The s e n s i t i v i t y   o f  
t h e   o x i d a t i o n   o f  GE 1541 t o   c o n t a c t   w i t h   o t h e r   a l l o y s   i s   a l s o   i l l u s t r a t e d   i n  
F igure C-12. The reg ions   o f   seve re   ox ida t i on  shown in   th is   photograph  were  
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i n i t i a t e d   a t   t h e   p o i n t  where  the GE 1541 Poro loy   con tac ted   the   basket   ho lder  
(Type 330 s t a i n l e s s   s t e e l ) .   T h i s   s e n s i t i v i t y   o f   t h e  GE 1541 d i c t a t e s   t h a t   c a r e  
must  be  exercised i n   s e l e c t i n g   a l l o y s   w h i c h  may be i n   c o n t a c t  wi th GE 1541 a t  
temperatures  equal to o r   i n  excess o f  2000°F  (1093°C). 

5.3 Stress  Rupture 

A comparison o f  GE 1541 and H 875 s t r e s s   r u p t u r e   c u r v e s   i s   g i v e n   i n   F i g -  
u re  12 f o r  0.005 inch  (0.13 mm) d i a m e t e r   w i r e   a t  1800°F and  2000°F  (982  and 
1093°C) and i n   F i g u r e  13 f o r   P o r o l o y   a t  1800°F (982°C). A t  1800°F  (982°C) the 
GE 1541 w i r e  and Poroloy was s l i g h t l y   s t r o n g e r   t h a n  H 875 f o r   l i f e t i m e s   g r e a t e r  
than 5 hours  and s l i g h t l y  weaker f o r   l i f e t i m e s   l e s s   t h a n  5 hours. A t  200OoF 
(1093°C) the GE 1541 was c l e a r l y   s t r o n g e r   t h a n   t h e  H 875. Data i s   g i v e n   i n  
tabular   form  in   Appendix  D, a l o n g   w i t h   s t r e s s   r u p t u r e   d a t a   f o r   t h e  DH 245 
Poro loy .   S t ress   rup ture   da ta   fo r  TD N i  Cr and DH 242 w i r e  were  given i n   r e f e r -  
ence  2. As repo r ted   i n   re fe rence   2 ,  TD N i  C r  w i  r e  was found   to   exh i   b i  t exten- 
s i v e   i n t e r n a l   o x i d a t i o n  above  a c r i t i c a l   a p p l i e d   s t r e s s   l e v e l .  Work was c a r r i e d  
o u t   i n   t h i s   i n v e s t i g a t i o n   t o   d e t e r m i n e   t h e  reasons f o r   t h i s   s t r e s s   s e n s i t i v i t y  
o f   o x i d a t i o n .  The r e s u l t s   o f   t h i s  work  are  presented  in  Appendix D. 

5.4 Hot  Tensi le  Tests 

T a b u l a t e d   r e s u l t s   o f  1800°F  (982°C) t e n s i l e   t e s t s   f o r  GE 1541, H 875 and 
DH 245 w i r e  and  Poroloy  are  presented  in  Appendix D. Cons ide rab le   sca t te r   i s  
ev iden t   i n   t he   w i re   da ta ,   p robab ly  as a r e s u l t   o f   l o c a l i z e d   v a r i a t i o n   i n   p r o -  
p e r t i e s  stemming  from  inclusions o r   d e f e c t s .  Less s c a t t e r   i s   f o u n d   f o r   t h e  
Poroloy  samples i n   w h i c h   l o c a l i z e d   w i r e   d e f i c i e n c i e s   w o u l d  be expected  to  
average  out. The t e n s i l e   p r o p e r t i e s   f o l l o w i n g   a   s i m u l a t e d   s i n t e r  and pre-  
o x i d a t i o n   o f   t h e   P o r o l o y   a t  1800°F  (982°C) f o r  24 hours  are  summarized  below: 

U1 t i m a t e   T e n s i l e  0.2% O f f s e t  

A1 l o y  S t rength   Y fe ld   S t rength   E longat ion  

2 
% 

Ks i N/m2 x Ks i N/m x 

GE 1541 2.80 19.6 2.65 18.5 49% 

H 875 2.85 19.9 2.60 18.2 58% 

These r e s u l t s   a r e   i n  agreement w i th   t he   s t ress   rup tu re   resu l t s   wh ich  showed 
comparable  strengths f o r   t h e  two a l l o y s   a t  1800°F  (982°C). 

5.5 Welding  Tests 

Weld  samples t e s t e d   i n   c y c l i c   o x i d a t i o n  were GE 1541 and H 875 Poroloy 
welded t o  IN 100 s t r u t   a l l o y .   P r i o r   t o   c y c l i c   o x i d a t i o n   t e s t i n g ,  samples  were 
made t o   d e t e r m i n e   t h e   w e l d a b i l i t y   o f   a l l   t h e   P o r o l o y   a l l o y s   c o n s i d e r e d   i n   t h i s  
i n v e s t i g a t i o n   t o  I N  100 and t o  an a l t e r n a t e   s t r u t   a l l o y  713C. I n   a d d i t i o n   t o  
GE 1541 and H 875, Poroloy  weld  samples  included TD N i  C r  and DH 242. 
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Photographs o f   r e p r e s e n t a t i v e   w e l d  samples are  presented  in   Appendix  E, 
Figure E-1. I t  s h o u l d   b e   n o t e d   t h a t   t h e r e   i s   s u f f i c i e n t   p e n e t r a t i o n   f o r  a 
sound j o i n t  and t h a t   t h e r e   i s   n o   c o l l a p s i n g   o f   t h e   P o r o l o y  between t h e   s t r u t  
supports.   Figures E-2 through E-6 show e tched   m ic ros t ruc tu res   o f   t he   we ld  zone. 
The TD N i  Cr welds  had  Thor ia  agglomerat ion  and  grain  growth  in  the  weld zone. 
These m i c r o s t r u c t u r a l  changes wou ld   cer ta in ly   reduce  the   e leva ted   tempera ture  
s t r e n g t h   o f   t h e   j o i n t .  All other  welds  appeared  sound w i t h  cons is ten t   penet ra -  
t i o n  and we ld   i n te r face .  No s i g n i f i c a n t   p o r o s i t y ,   c r a c k i n g ,   u n d e r c u t t i n g   o r  
s u r f a c e   i r r e g u l a r i t i e s  were  observed. Some s l i g h t   c r a c k i n g  was observed p r i -  
m a r i l y   a t   t h e   r o o t   o f   t h e  GE 1541 and H 875 Poroloy  welds. However, t h i s  degree 
o f   c r a c k   a p p e a r   i n s u f f i c i e n t   t o   s i g n i f i c a n t l y   d e g r a d e   t h e   j o i n t   s t r e n g t h .   T h i s  
conclus ion was c o n f i r m e d   i n   t h e   c y c l i c   o x i d a t i o n   t e s t s   i n   w h i c h   t h e   j o i n t  
s t r e n g t h  was always  found t o  be grea ter   than  tha t   o f   the   Poro loy .   In  summary 
then,   the   e lec t ron  beam welding  technique  appears  to be a r e l i a b l e  method f o r  
j o i n i n g  porous   meta l   sheets   to   s t ru ts   in   t ransp i ra t ion   coo l ing   app l i ca t ions  
excep t   f o r   t he   case   o f  TD N i  Cr where  the  parent   a l loy  proper t ies  are  degraded.  
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6 CONCLUS IONS AND RECOMMENDAT IONS 

1. Process  development  performed i n   t h i s   p r o g r a m h a s  shown t h a t   o x i d a t i o n  
r e s i s t a n t   a l l o y s  may be made i n t o   w i r e   f o r m  and f a b r i c a t e d   i n t o   p o r o u s  
meta l   sheet   w i th   re ten t ion   o f ,   the   a l loys   ox ida t ion   res is tance.  

2. Two i ron-base  a l loys ,  GE 1541 and H 875, were   found  to   o f fe r  a good 
combina t ion   in   porous   meta l   fo rm  (Poro loy)   o f   ox ida t ion   res is tance 
and room tempera tu re   t ens i l e   p roper t y   re ten t i on   f o l l ow ing   ox ida t i on .  

3 .  Cyc l ic   ox ida t ion   behav io r   appears   no  more seve re   t han   t ha t   wh ich   i s  
ob ta ined  dur ing   con t inuous   ox ida t ion   s ince  no s p a l l i n g   o r   c r a c k i n g  
o f   t h e   o x i d e  was observed. 

4. The GE 1541 Poro loy shows e x c e l   l e n t   p e r m e a b i l i t y   r e t e n t i o n   f o l l o w i n g  
c y c l i c   o x i d a t i o n   e x p o s u r e   a t  1800 and  2000°F  (982  and  1093°C). The 
v a l u e s   a f t e r  600 hours  exposure  are 80% and 78% respec t i ve l y   o f   t he  
as- fabr ica ted   va lues .  Most o f   t he   dec rease   occu rs   du r ing   t he   f i r s t  
four   hours   o f   exposure  (84% o f   a s - f a b r i c a t e d   v a l u e )  so  tha t   a lmost  
cons tan t   permeab i l i t y   cou ld  be o b t a i n e d   d u r i n g   t h e   d e s i g n   l i f e  by 
p r e - o x i d a t i o n   o f   t h e   P o r o l o y   b e f o r e   s e r v i c e .  

5. The H 875 P o r o l o y   p e r m e a b i l i t y   r e t e n t i o n   a f t e r  600 hours  exposure was 
the same  as t h a t   o f   t h e  GE 1541 a l l o y   a t   1 8 0 0 " ~  (982°C) bu t  was o n l y  
56% o f   the   as- fabr ica ted   va lue   a f te r   exposure   a t  2000°F  (1093°C). The 
i n i t i a l  change i n   p e r m e a b i l i t y   w i t h   t i m e  was more g radua l   t han   t ha t   o f  
GE 1541 m a t e r i a l .  

6 .  GE 1541 and H 875 Poroloy may be r e l i a b l y   j o i n e d   t o   s t r u t   a l l o y s  I N  100 
and 713C by   e lec t ron  beam welding. 

7. I f  i n   d i r e c t   c o n t a c t   w i t h   a n o t h e r   a l l o y   o f   l o w e r   o x i d a t i o n   r e s i s t a n c e ,  
a c c e l e r a t e d   o x i d a t i o n   i n   t h e  GE 1541 i s   i n i t i a t e d  and once  s tar ted,  
p ropaga tes   i n to   t he   a l l oy .  

8. Exposure to   pu re   n i t rogen  o r  a reducing  a tmosphere  conta in ing  n i t ro-  
gen will reduce o x i d a t i o n   r e s i s t a n c e  and e m b r i t t l e   t h e  GE 1541 a l l o y .  

9. GE 1541 and H 875 Poro loy   appear   su i tab le   f o r   app l i ca t i on  as t rans -  
p i r a t i o n   c o o l i n g   m a t e r i a l s   f o r  gas t u r b i n e  vanes a t   t e m p e r a t u r e s   i n  
excess o f  1800°F (982°C)  based on ( 1 )  good permeabi 1 i t y   r e t e n t i o n  
a f t e r   o x i d a t i o n  as a consequence o f  good ox ida t i on   res i s tance ,   (2 )   re -  
t e n t i o n   o f  room tempera tu re   duc t i l  i t y  and s t reng th ,   (3 )   ease   o f   j o in -  
i n g   t o   s t r u t   a l l o y s  and (4)  development o f  a r e l i a b l e   f a b r i c a t i o n  
p rocedu  re. 

10. GE 1541 Poroloy has g r e a t e r   p e r m e a b i l i t y   r e t e n t i o n   f o l l o w i n g   o x i d a -  
t i o n   a t  2000°F  (1093°C)  than does DH 242 P o r o l o y   f o l l o w i n g   o x i d a t i o n  
a t  1700°F (927°C).  Therefore,  development o f  the GE 1541 m a t e r i a l  
represents an advance o f   o v e r  300°F  (149°C) i n   t h e   s t a t e - o f - t h e - a r t  
ope ra t i ng   t empera tu re   f o r   t ransp i ra t i on   coo l i ng   ma te r ia l s .  
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11.  Add i t iona l   work   tha t   shou ld  be p e r f o r m e d   p r i o r   t o   a p p l i c a t i o n   o f  
t h e s e   m a t e r i a l s   t o   t r a n s p i r a t i o n   c o o l i n g   i n   j e t   e n g i n e s   i n c l u d e s :  

a. T e s t i n g  o f  t ransp i   ra t i on   coo led  vanes f o r   c o o l i n g   e f f e c t i v e n e s s .  

b. De te rm ina t ion   o f   ho t   co r ros ion   res i s tance .  

c. Determinat ion   o f   thermal   fa t igue  res  
coo 1 ed  vanes. 

i s t a n c e   o f   t r a n s p i r a t i o n  

d. I n v e s t i g a t i o n   o f  ways to   i nc rease  a1 
strengthened Fe Cr A1 a l l o y s ) .  

l o y   s t r e n g t h   ( d i s p e r s i o n  

e. D e t e r m i n a t i o n   o f   t h e   o x i d a t i o n  and thermal   expansion  compat ib i l i ty  
o f  GE 1541 P o r o l o y   v a n e   s h e l l s   w i t h   d i f f e r e n t   s t r u t   a l l o y s .  

f. I n v e s t i g a t i o n   o f  methods us ing  GE 1541 P o r o l o y   i n  vanes w i t h o u t  
a s t r u t   s u p p o r t .  
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TABLE 1 U L O Y  CHEMICAL ANALYSIS 

TABLE 2 WIRE MECHANICAL PROPERTIES 

~- 
I I I 

W I R E  0.005-INCH I AS RECEIVED AFTER  SIMULATED 
(0.013 nnn) DIAMETER I SINTER 

GE 1541 US K s i  (N/m2 x 10:;) 
H a r d  YS K s i  (N/m x 10 ) 

2 

%E 
~ ~ _ ~ -  

H 875 US K s i  (N/m2 2 x lo-:) 
Annealed YS K s i  (N/m x 10- ) 

%E 

I 136  (951) 

I (783) 

69  (482) 
51 (357) 
10 

84  (587) 
70 (489) 

3.5 

62  (433) 
48  (336) 

5 .5  

84  (587) 
69  (482) 

3.5 

DH 245 US K s i  (N/m2 2 x 101:) 
YS K s i  (N/m x 10 ) 
%E 

TD N i - C r  US K s i  (N/m2 X 10:;) 
YS K s i  (N/m x 10 ) 
%E 

2 

__ ~~ 

DH 242 US K s i  (N/m2 2 x lo-:) 
YS K s i  (N/m x 10- ) 
%E 

184  (1290) 
115 (803) 

27 

137 (958) 
114 (797) 

19  

177 (1240) 
1 7 3  (1210) 

7 

110 (769) 
76 (532) 
10 

142 (993) 
116 (812) 

22 

110 (769) 
44  (308) 
2 3  

90  (630) 
70 (489) 

4 

132 (923) 
108 (755) 

12  

~ 

* 
O x i d i z e d  a t  1800'F  (982°C) in a i r  for 24 hours. 
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TABLE 3 METALLOGRAPHIC ETCHANT SCHEDULE 

Alloy I Etchant  

GE 1541 22% H2SO4 
12% H202 (30% s o l u t i o n )  
66% H20 

H 875 25% H C 1  

50% Hz0 
25% HNO3 

DH 242 10% Oxalic  Acid 

TD N i C r  10% Oxalic  Acid 

Procedure 

E l e c t r o l y t i c :  6 v o l t s ,  
5 t o  20 seconds 

D i r e c t   a p p l i c a t i o n  
t o   s u r f a c e  for about 
15  seconds 

E l e c t r o l y t i c :  5 v o l t s ,  
5 t o  25  seconds 

E l e c t r o l y t i c :  5 v o l t s ,  
5 t o  25 seconds 

TABLE 4 SUMMARY OF POROLOY ROOM TEMPERATURE TENSILE PROPERTIES 

* Values   r ep resen t   ave rage  of th ree   samples  ** E x c l u d i n g   o n e   u n r e a l i s t i c  low v a l u e  
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Figure 1 As-fabr ica ted   sur face  of GE 1541 w i r e ,  0.005  inch 
(0.13 mm) diameter   having good (above)  and poor 
(below) o x i d a t i o n   r e s i s t a n c e .  X250 
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Figure  2 Micros t ruc tu re  of GE 1541 wire, 0.005  inch (0.13 
mm) d i a m e t e r   a f t e r   e x p o s u r e   t o   n i t r o g e n  atmos- 
phere ,   1 /2   hour  a t  1900'F  (1038OC). X500 
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Figure 3 Cross s e c t i o n s  of GE 1541 wires, 0.005 inch  (0 .13 mm) diame- 
ter fo l lowing   ox ida t ion  a t  1800°F  (982°C) f o r  24 hours .  The 
top  wire w a s  h e a t e d   i n  a nit rogen  a tmosphere for 1 / 2  hour  a t  
1900°F (1038OC) p r i o r   t o   o x i d a t i o n   t e s t i n g   w h i l e   t h e   b o t t o m  
w i r e  w a s  t e s t e d   a s - f a b r i c a t e d .  X500 
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cross-over   angle  s p a c i n g  

yi\c 
30" wind  angle 

cross-over  
a n g l e   b i - s e c t o r  

F igure  4 Photomacrograph of Poroloy.  
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F i g u r e  5 - Poroloy  Winding  Machine 
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4 
/EB WELD 

' IN 100 ALLOY - CAST STRUT MATERIAL 
T Y  I+,:;, \ 

IW.91 

318 I 
(9.5) 

. EB WELD. - ' I - (4.8 

t 0 TENSILE  SPECIMEN - 3 SAMPLES* 

@ BEND  TEST  SPECIMEN - 1 SAMPLE* 

@ EB WELD METALLOGRAPHIC EXAMINATION 
SPECIMEN - 1 SAMPLE* 

2.0 @ JOINT  TENSILE  SPECIMEN - 3 SAMPLES* 
(51 1 AS FABRICATED, 100 AND 600 HOURS EX- 

i POSU R E  ON LY 

@ PERMEABILITY TEST  SPECIMEN - 3 SAMPLES* 

@ METALLOGRAPHIC  SAMPLE  SECTION 100 AND 
600  HOURS  EXPOSURE 

-@- MICROMETER  MEASUREMENT  POINTS 

"NUMBER OF SAMPLES FOR EACH  TIME 
TEMPERATURE  CONDITION. 

DIMENSIONS  ARE IN INCHES WITH THOSE 
IN PARENTHESIS IN MILLIMETERS. 

Figure 6 - Poroloy  Oxidation  Specimens 
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Measured  Average  Temperature OF 
a t  Thermocouple  Locations 

Nominal  Temperature 
1 8OO0F 2000O F TIC 

Location I (982%) I (1093OC) 

T1 - 
(1091) 
1995 

16 300 m 400 64 

HA HC HA HC 

3 
HB  HB 

CT CT 

- 
GB  GB 

GA  GC  GA  GC 

HA HC 

HB 

CT 

GB 

GA  GC 

4 

HA 
- 

HB 

HC 
- 

HB 

HA HC 

HB 

CT 

GB 

GA GC 3 600 

100 

Furnace  Rack  Arrangement by Exposure  Time - Hours. 
G  and  H  signifies  GE  1541  and  H  875 alloy respectively;  A,  B 
and C refers to specimen identification as listed in Numerical 
Data Tabulation;  CT is an  empty control  thimble and  T indi- 
cates location of thermocouples. 

Figure 7 - Specimen and Thermocouple  Arrangement  for Cyclic Oxidation  Tests 
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SIX STATION 
POTENTIOMETER 

RECORDER 

6 THERMOCOUPLE 

3 3 1% 1% 1% 
4 L 

Y - "  4 4 -  + 

AUTOMATICALLY 
CONTROLLED 

/ FURNACE 
/ 

ss99 
DEAD WEIGHT 

LOADS - 4 WIRES 

Figure  8 - Stress   Rupture   and   Oxida t ion   Appara tus  
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EXPOSURE TIME - HOURS 
Figure   9   Spec i f ic   Oxida t ion   Weight   Gain   for  Poroloy After   Exposure 

a t  1800 and  2000°F  (982  and 1093OC) i n  Air. 
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Figure 10 Poroloy  Permeability  Retention  After  Exposure at 1800 and 
2000’F (982 and 1093OC) in Air. Alloys GE 1541 and H 875. 
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too 200 300 400 500 600 

EXPOSURE TIME - HOURS 

Figure 11 Poroloy   Permeabi l i ty   Reten t ion   Af te r   Exposure   in  A i r  a t  
2000'F  (1093'C) f o r   t h e  GE 1541  Alloy  and a t  1700OF 
(927OC) f o r   t h e  T D N i C r  and DH 242 Alloys.  

35 



I I 1  I I  I, I I 

70x106 1OX I O 3  I I I t 
c 

H 875 

GE 1541 "" 
iii 5 -  
P 

I 

cn cn 
w 

- """"- 
a 

- 

- - 
"""", -9"-."" 

G 
- 

2000O F 

I -  I I 

5 10 50 100 

EXPOSURE TIME - HOURS 

Figure   12   S t r e s s   Rup tu re  L i f e  a t  1800  and 2000'F (982  and 1093OC) 
f o r  GE 1541  and H 875  Alloy Wire, 0.005 Inch (0.13 mm) 
Diameter Af ter   S imula ted   S in te r   Cycle .  
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Figure  13 S t re s s   Rup tu re  Life at 1800'F (982OC) f o r  GE 1541 and 
H 875 Alloy  Poroloy. 
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APPEND1 X A 

A1 l o y  

GE 1541 

GE 1541 

H 875 

H 875 

NUMERICAL  DATA TABULATION FOR 
CYCLIC OXIDATION TESTS 

Temperature Tab 1 e 

1 800" F A- 1 

1000°F A-2 

1800°F A- 3 

2000" F A- 4 

Page 

40 

41 

42 

43 

37 



Reduced numerical   data for  t h e   o x i d a t i o n   t e s t   i s   g i v e n   a c c o r d i n g  to t h e  
fo l   l ow ing   l egend :  

A. Exposure  Time 
(hours) 

B. Specimen 
I dent i f i c a t   i o n  

C. S p e c i f i c   O x i d a t i o n  
Weight  Gain 
(mg/ i n2) 

D. Permeabi 1 
(SCFMI I ~2 
10 P S I D )  

E. Thi  ckness 
( i n  x 103 

t Y  
a t  

Change 

F. Bend Test 
(Deg ree  bend) 

G. Y i e l d   S t r e n g t h  
( P S I  x 10-3) 

H. U l t ima te   S t reng th  
(PSI x 10-3) 

1 .  Elongat ion  
(Percent ) 

J.  Modulus o f  
E l  a s t  i c i   t y  
( P S I  x 10-6) 

K. J o i n t   T e n s i l e  
St rength 
(PSI x 10-3) 

A1 1 t i m e s   a r e   t o t a l   h o u r s   a t   t h e   s p e c i f i e d  
temperature. 0 hours  ind icates  nonoxid ized 
c o n t r o l  specimens. The specimens  were a i r  
c o o l e d   t o  room t e m p e r a t u r e   a f t e r  each  exposure 
i n t e r v a l .  

Specimens A and B were  used t o   o b t a i n   o x i d a t i o n  
weight   ga in  data.  Specimen C had a smal l   tab 
o f  I N  100 a l l o y   a t t a c h e d   b y   e l e c t r o n  beam weld- 
ing.  All specimens  were t e n s i l e   t e s t e d   a f t e r  
expos u re.  

The specimen was weighed  before  and  af ter   ex- 
posure. The d i f f e r e n c e   d i v i d e d  by o r i g i n a l  
sample  area was des ignated   spec i f i c   we igh t   ga in .  
S p a l l i n g   o f   t h e   o x i d e  was not  exper ienced. 

Air flow was measured f o r  an i n l e t   p r e s s u r e   o f  
24.7 p s i a  and a d i scha rge   p ressu re   o f  14.7 p s i a  
a t  an a i r  temperature o f  70°F u s i n g  a probe 
d i a m e t e r   o f  1.129 i n .  

Based  on the  average o f   t h r e e  (3) measurements 
w i t h  hand  micrometer.  Both  ends  and  the  center 
were measured. 

Bend t e s t i n g  was performed  over a  3T rad ius  
(a 1/8 in.   d iameter  rod was used). A1 1 samples 
were  bent 180" w i t h o u t   e v i d e n c e   o f  any f r a y i n g  
o r   f r a c t u r i n g .  

Determined  using 0.2% o f f s e t .  The h i g h e r   o f  
two d i s t i n c t   y i e l d   p o i n t s   i s   r e p o r t e d .   A r e a  
based  on measurements before  exposure. 

Area  based  on  measurements before  exposure.  

Measured  on  one ( 1 )  i nch  gage length.  

Measured f r o m   t r a c e   o f   t h e   t e n s i l e   s t r e s s -  
s t ra in   cu rve .  

I n   a l l   t h e   w e l d  samples tested,  breakage  took 
p l a c e   i n   t h e   P o r o l o y   a t   t h e   i n d i c a t e d   s t r e s s  
l e v e l .  The samples  exposed t o  600 hours a t  
2000°F o x i d i z e d   c a t a s t r o p h i c a l l y   i n   t h e   s t r u t  
m a t e r i a l  ( I N  100)  and cou ld   no t  be t e n s i l e  
tes ted .   Th i s   cond i t i on  i s  i nd i ca ted   by  a "0". 
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180 I 34.4 42.6 I 9.0 1 2.4 I 44.9 I 

40.1 7.3 
44.3 1 14.3 I 2.4 I I 
42.6 10.5 I 2.4 I 
45.4 I 17.5 I 2.5 I I 
42.6 I 11.5 I 2.5 I I 
43.7 12 .o 2.5 

42.6 I 12.3 I 2.3 1 

43.3  14.3 2.3 
42.5 12 .o 2.7  42.7 

13.0  44.1 
42.3 12 .o 2.7 

42 .? 13.5 
41.2 12.5 
41.6 12.5 2.1 

40 .a 
41.7 10 .o 2.3 4 1  
43.3  9.5  2.1  45.5 
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TABLE A-2 - NUMERICAL DATA TABULATION: ALLOY GE 1541 

rEMQ&iTLJRE 2000'F 

A 

3.71 O B  
3.88 

3.68 C 

A 180 I 34.8 I 46.3 I 22.5 I 3.3 I 0 .o 3.30  9.9 

4 I B I 11.0 I 3.13 I 0.0 I I 33.3 I 45.6 I 18.5 I 3.3 I 
I I C I  1 3.08 I I I 33.3 I 45.6 I 19.3 I 3.3 I I 

A 20.4  2.6 14.3 44 .O 31.4  0.3 180 3.19 

16 I B 1 20.6 I 3.02 I 0.2 I I 31.5 I 44.3 I 14.5 I 2.6 I 
1 

C 

2.3 41.8 1 12.0 29.9 180 0.5 3.13 33.7 A 

2.6  13.5  41.9  30.4 3 .OO 

200 I B 1 52.2 1 2.86 0.2 30 .O 40 .O 10.3 2.1 

I C I  I 2.86 I I 28.7 I 40.6 I 10.5 1 2.1 I 
A 

1.8  14.5 40.1 29.4 2.86 C 

1.8  13.0  40.9  30.8 0.3  2.86  55.2 B 300 

1.8  12.3  38.1  29.4 180 0.2  3.08 60.5 
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TABLE A-3 - NUMERICAL DATA TABULATION: ALLOY H 875 

4.40 180 41.5 55.4 14.8 3.0 45.1 

4.19 42 .a 57.0 15.3 3.0  45.6 

4.74 40.1 55.9 16 .O 3.0 45.8 

~ ~~ 

4.62 1. 4.12 I 0.2 I 180 43.1 58.4  22.0  3.6 

4.68 I 3.96 1 0.2 42.9 58.5 21.0  3.6 

4.50 41.6 58.1 24 .O 3.6 

6.31 I 4.07 1 0.3 180 43.9 58.6 21.3  2.8 

~~ . - - 

7.47  3.88  0.4 
I 4.45 I 

43.1 58.8 22.8 2.8 

I 42.2 I 57.1 I 19.8 1 2.8 I 
A 8.32  3.96  0.5 180 44.4 59 .O 21.0  3.4 

0.3 43.9 58.2 18 .o 3.4 

-. I 4.29 I 43.4 57.4  18.5  3.4 

I A I  

ICI IAl 

9.62 58.4  3.0 21.5  59 .O 44.1 180 0.4 3.85 
- 

100 i B 57.5  3.0 20.8 58.3  43.3 0.5 3.63 i 9.05 
4.18 55 .O 3.0  19.8 56.4  40.6 

11.28 2.7 20.3 57.7 39.4 180 0.6 3.77 
10.20 

2.6  18.5 56.1 39 .O 0.6 3.41 13.95 

2.6 22 .o 56.9  41.9 180 0.6  3.71 13.32 

2.7  19.5  56.2 41.9 4.13 

2.7 20.5 57.7 44 .O 0.6 3.55 

I 4.01 40.9  55 .O 16 .O 2.6 

14.30  3.63 0.5 180 
3.3 15.5 56.7 41.9 15.65 I 3.35 I 0.7 I 
3.3 15.3 56 .O 42.6 

I 3.95 I I I 42.4 I 55.6 I 16.8 

3.1  15.3 55.4 39.5 3.85 I 

3.3 
~~ ~~ 

15.22  3.57 
3.1  15.5 56.4 43.3 15.64 1 3.30 I 0.6 

3.1 12.9 54.8  39 .O 180 0.7 

16.75 
56.5 3.3  17.6  57.0  38.5 17.85 I 3.27 I 0.5 

59 .O 3.3 16.5  56.1  42.4 3.52 I 0.5 -1 180 

I 3.85 I 57.6 3.3 21.0 55.3 38.1 
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".,E A-4 - NUMERICAL DATA TABULATION: ALLOY H 875 

42 



APPEND I X' B 
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DH 242 

POROLOY O X I D A T I O N  WEIGHT GAIN 
AND PERMEABI LlTY PLOTS 
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(0.010 d i a .  w i r e )  

TD N i  Cr Permeabi 1 i t y  

Speci f i c 

Speci f i c 

Permeabi 

Pe rmea b i 

Pe rmea b i 

F i g u r e  

B- 1 

8-2 

B- 3 

B-4 

B-5 

B-6 

8-7 
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I -  

4 16 64 100 200 400 600 

EXPOSURE TIME - HOURS 

Figure B-1 Specific Oxidation Weight Gain  for GE 1541 Poroloy After 
Exposure at 1800 and 2000OF in Air. Each point represents 
the average of two specimens. 
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4 16 64 100 200 400 600 

EXPOSURE TIME - HOURS 
Figure  B-2 Spec i f ic   Oxida t ion   Weight   Gain   for  H 875 Poroloy After 

Exposure a t  1800 and 2000'F i n  Air. Each p o i n t   r e p r e s e n t s  
t he   ave rage  of two specimens. 
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EXPOSURE TIME - HOURS 

Figure B-3 GE 1541 Poro loy   Permeabi l i ty  Change After   Exposure a t  
1800 and 2000'F i n  Air. Each po in t   r ep resen t s   t he   ave rage  
of three  specimens.  

46 



100 

75 

50 

25 

Figure  B-4 
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EXPOSURE TIME - HOURS 

H 875  Poro loy   Permeabi l i ty  Change After   Exposure a t  
1800  and 2000.F i n  Air. Each p o i n t   r e p r e s e n t s   t h e   a v e r a g e  
of three   spec imens .  
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100 200 300 400 500 600 

EXPOSURE TIME - HOURS 

Figure  B-5 - DH 242 Poroloy (0.005 D i a .  Wire) Permeabi l i ty   Change 
After Exposure a t  1700 and 1800°F in  A i r .  
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Figure B-6 

too 200 300 400 
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500 600 

DH 242 Poroloy (0.010 Dia. Wire) Permeability Change After 
Exposure at 1700 and 1800OF in  Air. 
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Figure  B-7 - TD N i  C r  Poroloy  Permeabili ty  Change  After  Exposure a t  
1700 and 1800'F i n  A i r .  (Note: I n i t i a l   p e r m e a b i l i t y  
of t h e  1800'F  sample was 40 percen t   l ower   t han   t he  
i n i t i a l   p e r m e a b i l i t y  of t h e  1700'F  sample. 
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APPENDIX C 

METALLOGRAPHIC EXAMlNATlON - CYCLIC OXIDATION 
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0 Hours 

4 Hours 

F igure  C-1 GE 1541 Poroloy  fol lowing a i r  o x i d a t i o n  a t  
1800'F f o r  the i n d i c a t e d  times. X250 
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6 4  Hours 

- .. . . I  

200 Hours 

F igure  C-1 Continued 
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F igure  C-1 Concluded 
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0 Hours 

4 Hours 

F igure  C-2 H 875 Poroloy following a i r   o x i d a t i o n   a t  1800°F 
f o r   t h e   i n d i c a t e d  times. X250 
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6 4  Hours 
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200 Hours 

F igure  C-2 Continued 
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Figure C-2 Concluded 
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Figure C-3 Cross   sect ions  of  GE 1541  Poroloy/IN 100 weld 
zones  following a i r  oxida t ion  a t  1800°F f o r  t h e  
i n d i c a t e d  times. X80 



b 

b 

% I -  c 1 . k  

a 
2 

a :  
4 . .  z 

’ ,  
c 

I I 

r ’ .  . .  

f 
n 

/ =  
t 

.~ 

200 Hours 64 Hours 

F igure  C-3 Continued 



I 

. .  I 

I 
1 
j I " x w . '  

I 

1 
i 

600 Hours 

Figure C-3 Concluded 



I 

I 

I -  - d 

" " 

. . ,  
' 

' a 

c QziL4' 
A" 

. L  

0 Hours 4 Hours 

Figure C-4 Cross s e c t i o n s  of H 875 Poroloy/IN 100 weld  zones 
following a i r  o x i d a t i o n  a t  1800'F f o r   t h e   i n d i -  
c a t e d  times. X80 
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Figure C-4 Concluded 



0 Hours 

4 Hours 

Figure C-5 GE 1541 Poroloy fo l lowing  a i r  o x i d a t i o n  a t  2000'F 
f o r   t h e   i n d i c a t e d  times. X250 
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F igure  C-5 Continued 
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F igure  C-5 Concluded 
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F igure  C-6 H 875 Poroloy   fo l lowing  a i r  ox ida t ion  a t  2000’F 
f o r   t h e   i n d i c a t e d  times. X250 
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Figure C-6 Continued 
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F igure  C-6 Concluded 

69 



$ 1  -% -vi. 

. .  f 

I- - -.---. 

0 Hours 

b 

- 4  

. *  
01 

9 
O 

0 

0 

v 

9 

4 Hours 

Figure C-7 Cross   s ec t ions  of GE 1541 Poroloy/IN 100 weld 
zones  following a i r  oxida t ion  a t  2000'F f o r  
t h e   i n d i c a t e d  times. X80 
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Figure C-8 Cross   sect ions  of  H 875  Poroloy/IN 100 weld  zones 
fol lowing air  ox ida t ion  a t  2000'F f o r   t h e   i n d i c a -  
t e d  times. X80 
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Figure  C-9 Photograph   of   the   unders ide   o f  H 875/IN 100 weld 
sample  showing extensive ox ida t ion   o f  the I N  100 
s l u g   f o l l o w i n g  a i r  o x i d a t i o n  at 2000°F f o r  600 
hoxrs.  

F igure  C-10 H 875/IN 100 weld  samples   fol lowing a i r  oxida- 
t i o n  a t  2000°F f o r  4 (above) 500 (center )   and  
600 (below)  hours  exposure. 
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Figure C-11 GE 1541/IN 100 weld  samples  following a i r  oxi- 
d a t i o n  a t  2000°F f o r  4 (above),  200 ( c e n t e r )  
and 400 (below)  hours.   Samples  receiving 
longer   exposure  were n o   l o n g e r   i n t a c t .  

Figure C-12 Photograph  of  the  edge  of a GE 1541 p e r m e a b i l i t y  
s a m p l e   i l l u s t r a t i n g   i n i t i a t i o n  of severe oxida- 
t i o n   f o l l o w i n g   c o n t a c t   w i t h   t h e   b a s k e t  after 600 
hours   exposure a t  2000'F. 
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. . . 

APPENDIX D 

STRESS  RUPTURE,  HOT  TENS1 LE AND STRESS OX1 DATl ON TESTS 

Tabulated  Data 
Stress  Rupture  and  Hot  Tensi le  Tests 

A1 l o y  

GE 1541 Wi r e  

H 875 Wi r e  

GE 1541, H 875 and 
DH 245 Poro loy 

GE 1541, H 875 
Wi r e  

GE 1541, H 875 and 
DH 245 Poro loy 

A1 loy 

GE 1541 Wire 

GE 1541 Wi r e  

H 875 Wi r e  

H 875 Wi r e  

GE 1541 Poro loy 

H 875 Poro l  oy 

Test - Tab1  e 

Stress  Rupture D- 1 

Stress  Rupture D-2 

Stress  Rupture D- 3 

Hot Tens i 1 e D-4 

Hot Tens i 1 e D-5 

St ress  Rupture  P lots  

Tempe r a t  u re   F i   gu re  

1 800" F D- 1 

2000 " F  D-2 

1800°F D- 3 

2000°F D-4  

1800°F D-5 

1800°F D-6 

TD N i  Cr St ress   Ox ida t ion  

F igure  

Wire Cross Section  showing 
vo ids   and   i n te rna l   ox ida t i on  D-7 

Wi r e   l o n g i t u d i n a l   s e c t i o n  
showing  voids and i n t e r n a l  
o x i   d a t i o n  D - 8  

Scanning  electron  micrograph 
show ing   l a rge   t ho r ia   pa r t i c l es  D-9 

Page 

80 

80 

81 

82 

83 

Page 

84 

84 

85 

85 

86 

86 

Page 

87 

89 

90 
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TABLE D-1 GE 1541 0.005 (0.13 MM) DIAMETER  WIRE STRESS RUPTURE TEST 

AT 1800°F (982OC) 

1 

1.79 

3.25 

6.50 

116+ 

STRESS RUPTURE LIFE IN HOURS 

4 

1. oa 

2.24 

15.40 

53.11 

STRESS 
P s i  

2600 

2500 

2400 

2200 

AT 2000'F (1093OC) 

SPECIMEN N O .  
1 4 3 2 '  

0.48 0.35  0.34  0.40 

7.90 7.79  5.00 1. a9 

20.55 

74.90  90.29 48.09  46.30 

18.90  31.49 25.42 

TABLE D-2 H 875 0.005 (0.13 MM) DIAMETER W I R E  STRESS RUPTURE TEST 

STRESS RUPTURE L I F E  I N  HOURS 

STRESS 
psi 

2900 
- 

2 a00 

2685 

2450 

1 

3.50 

17.60 

"_ 
72.30 

+ I n d i c a t e s   t h a t  t 

SPECIMEN NO. 

I ~. 3.- 
2.30 

9.20 12.10 

10.4 

83.75 41.56 

22.20 17.89 i 
4 

6.40 

11.69 

21.59 

63.00 

~~~ ~- 

STRESS 
p s i  

2400 

2200 

2000 

1700 I 
AT 2000OF (1093OC) 

SPECIMEN NO. 
1 

3.25  2.05  3.61 4.40 

1.49  1.65  1.40 1.39 

4 3 2 

12.45  16.65 15.04 15.24 

52.06  67.54 50.10 58.09 

:he t es t  w a s  t e r m i n a t e d   w i t h o u t  wire r u p t u r e  a t  t h i s  time. 
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TABLE D-3 POROLOY STRFSS RUPTURE TEST AT 1800°F (982OC) IN AIR 

ALLOY 

DH 245 

H 875 

GE 1541 

LOAD p s i  TIME HRS. 
-" " 

500-6800 

8 mins. 7000 
193.9 6500 

8 mins. 7500 
777.2* 

30 mins. 4500 
7 mins. 5500 

160.8 3500 
21  mins. 6500 

6 mins. 6 750 

2200 0.3 
2000 0.6 
1900 1 .4  
1500 45.0 
1660 6.9 
1 4  60 42.7 
1300 16  3.3* 
1375 108.7 
15 75 19.5 

1900 164.6* 
2200 136.0* 
2600 7 mins. 
2500 0.7 
2400 0.3 
2200 0.5 
1900 4.9 
1700 46.3 
1700 13.3 
1700 5 . 1  

~ 

% ELONG. 
_ _ _ ~  

34.5 
106.9 

21.2 
17.5 
28.3 
61.9 
23.2 
25.3 

59.2 
45.3 
53.7 
31.5 
35.7 
31.5 
22.2 
25.2 
25.0 

5.9 
10.2 
34.5 
56.9 
51.9 
37.2 
17.4 
16.8 
20.6 
17.5 

~ .. 
~~ 

" -~ ~ 

% R.A. 
" - " 

21.9 
31.5 
15.1 
14.0 
19.4 
18.1 
18.3 
20.5 

68.6 
54.8 
52.0 
37.0 
45.8 
49.0 
20.0 
30.0 
37.8 

3.6 
8.6 

42.4 
44.4 
46.4 
40.0 
28.3 
18.1 
31.1 
29.4 

~ 

~- ~~ ~~ 

* 
T e s t  Discontinued. 



TABLE D-4 0.005  (0.13 MM) DIAMETER WIRE TENSILE STRENGTH AT 
1800OF (982OC) 

MATERIAL 

DH 245 

-. ~. 

H 875 

- ~~ " 

GE 1541 

-__ ". 

H 875 

~- ~ 

GE 1541 

CONDITION 

Simulated 
Sintered 

~~ ~ ~ 

Simulated 
Sintered 

~ - 

Simulated 
Sintered 

~ ~ . . .. ~ -~ 

S imul at  ed 
Sintered & 
Oxidized 
24 hrs.  at 
1800'F 

Simulated 
Sintered & 
Oxidized 
24 hrs.  at 
1800 OF 

~ ~ 

~ 

ULTIMATE 
% IN 1 in. Psi psi 
ELONGATION YIELD 0.2% 

9100  7700 10.5 
5000 

5.8  6900 8100 
7.6  7000 8900 
0.4 " 

1900 1800  10.8 
4000  3200  20.1 
4 700 4400  8.7 
1800 1 2 . 1  1800 

2900 1800 13.5 
3400  3000 12.7 
3900 2200 14 .3  
3300 2600 14.6 

-~ 

~ . ~~ 

~ - " -~ ~ 

3600 
1040 

5 .1  2800 

5.7 3500 5500 
4.1  1800 1900 
3.0 " 

__ -. 

5600 
2  700 3800 

8.1 4400 

7.0  2500 3700 
5 .1  2  800 3600 
3.3 
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TABLE D-5 POROLOY TENSILE STRENGTH  AT 1800'F  (982OC) 

~ 

MATERIAL CONDITION ULTIMATE 
% I N  1 i n .  p s i  p s i  
ELONGATION YIELD 0.2% 

7106 56 39 13.7 
DH 245 

20.5 605 3 7601 
28.4 5 346 6 805 As F a b r i c a t e d  

2489 1304 72.0 
H 875 A s  F a b r i c a t e d  2667 2429 

100.9 2406  2655 
58.8 

2410 1610 57.5 
GE 1541 A s  F a b r i c a t e d  25  70  1940 48.2 

2810 2230 43.4 

Oxidized 7816 7451 8.3 
DH 245 24 h r s .  a t  8115 7594 6.9 

1800 " F 8814  8054 11.1 

Oxidized 2 755 2683 50.0 
68.5 

1800OF 
2993 1 2614 

Oxidized 2780  2710 53.1 
GE 1541 24 h r s .  a t  2910 2 850 45.5 

1800°F 2 740 2 380 47.3 

~~ - 

.. ~ ~ ~ ~~~ 

~~ ~ 

~~~ 

H 875 2814 24 h r s .  a t  
2524 I 55.5 
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5 IO 50 100 

EXPOSURE TIME - HOURS 

Figure  D-1 Stress R u p t u r e   L i f e   f o r  GE 1541  0.005 D i a .  Wire a t  
1800'F (Each da ta   po in t   symbol   r ep resen t s  a d i f f e r e n t  
stress l e v e l )  . 

Figure  D-2 

5 10 50 100 

EXPOSURE TIME - HOURS 

St re s s   Rup tu re  L i f e  f o r  GE 1541 0.005 Dia. Wire a t  
2000'F  (Each d a t a   p o i n t  symbol r e p r e s e n t s  a d i f f e r e n t  
stress l e v e l ) .  
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Figure D-3 St re s s   Rup tu re  L i f e  f o r  H 875 0.005 D i a .  Wire a t  1800OF 
(Each d a t a   p o i n t  symbol r e p r e s e n t s  a d i f f e r e n t  stress 
l e v e l )  . 

70x106 IOX I O 3  I I I 

5 IO 50 100 

EXPOSURE TIME - HOURS 
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70 X I06 

5 IO 50 100 

EXPOSURE TIME - HOURS 

Figure  D-5 S t r e s s   R u p t u r e   L i f e   f o r  GE 1541 PorOlOy a t  1800'F. 

IO x 103 

5 i 
0 

5 IO 50 100 

EXPOSURE TIME - HOURS 
Figure  D-6 S t r e s s   Rup tu re  L i f e  f o r  H 875 Poroloy at 1800'F. 
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Stress  Oxidation  of TD Ni-Cr 

Earlier  work  (reference 2) had  shown  that,  although TD Ni-Cr  had very  good 
oxidation  resistance  under no load  conditions,  when  a  critical  stress  was  ap- 
plied,  the  alloy  suffered  extensive  internal  oxidation.  Therefore,  a  portion 
of  this  investigation  was  directed  toward  determining  the  cause of this  behavior. 
It was  discovered that the  internal  oxidation  was not caused  by  stress  acceleration 
of  the  oxidation  mechanism  per  se, but rather  by  structural  degradation of the 
alloy.  That  is,  at  the  critical  stress  level , extensive  void  and  crack  forma- 
tion  was  initiated in the  alloy  with  concurrent  oxidation.  Photomicrographs 
illustrating  this  behavior  are  shown in Figures D-7 and D-8. 

The  formation  of  voids  was  attributed to the  presence of  a  significant 
concentration  of  relatively  large Tho2 particles  (Figure D-9). The  average  size 
of  these  large  particles  was  about 5800A. This  size  particle  makes  vacancy  con- 
densation  around  the  particle  energetically  favorable  at  the  stress  levels  of 
this  investigation.  Consequently  the  thoria  particles  served  as  the  nuclei for 
void  formations  throughout  the  sample.  Subsequent  growth  of  these  voids  pro- 
vided  internal  surfaces for the  observed  internal  oxidation.  The  critical 
stress  levels  (determined  after  22  hours  application  of  the  load)  as  a  function 
of temperature  are 

Temperature (OF) 

1400 
1600 

1800 
2000 

I 700 

Critical  Stress (PSI) 

4800 
3900 
3500 

2800 
3200 

The  results  of  this  work  indicate  that  the  stress  sensitivity  of  internal 
oxidation  could  be  eliminated in TD Ni-Cr wire.  This  would  require  inspection 
of the  starting  material to confirm  the  absence of large  thoria  particles.  The 
commercial  specification  for TD Ni-Cr generally  dictates Tho2 particle  sizes 
less than lOOOA which  would  be  sufficiently  small  to  prevent  void  formation  at 
stress  levels up to at  least 10,000 psi. In addition,  wire  processing  should 
be  designed  to  exclude  steps  which  would  tend to agglomerate  the  Tho2  particles. 
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3200 PSI 

3600 PSI 

Figure  D-7 Cross   s ec t ions  of TD N i - C r  wires (0.005 i n c h  
d iameter )   showing  vo ids   and   in te rna l   ox ida t ion  
a f t e r  1800'F exposure a t  t h e   i n d i c a t e d  stress 
level. 

as 



3600 PSI 

Figure  D-8 
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Long i tud ina l   s ec t ions   o f  TD Ni-CR wires (0.005 
inch diameter)  showing  voids  and internal oxida- 
t i o n  after 1800°F exposure a t  the i n d i c a t e d  
stress level. 



Figure D-9 Scanning electron micrograph of as-fabricated 
TD Ni-Cr wire (0.005 inch  diameter) i l l u s t r a t -  
ing  presence of large thoria   par t ic les .  
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We1 ds 

GE 1541/IN 100, 
H 875/1N 100 and 
TD N i  Cr/713C 

APPENDIX E 

WELD I NG TESTS 

GE 1541/IN 100 and 
GE 1541/713C 

H 875/1N 100 and 
H 875/713C 

DH 242/1N  100 and 
DH 242/713C 

TD N i  C r / l N  100  and 
TD N i  Cr/713C 

Figure 

E- 1 

E-2 

E-3 

E- 4 

E-5 

Page - 
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GE 1541/IN  100 

H 875/IN 100 

TD N i  Cr/713C 

Figure  E-1 Cross   s ec t ions  of r ep resen ta t ive   we ld   s amples .  
Sample i s  e t c h e d   t o   r e v e a l   w e l d   p e n e t r a t i o n .  X 3  
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co 
0 

I 

Figure E-2 Cross   sect ions  of  GE 1541/IN  100  (right)  and 
GE 1541/713C ( l e f t )   w e l d s   e t c h e d  to reveal 
m i c r o s t r u c t u r e .   S t r u t   a l l o y  matrix appears 
b l ack  on photographs.  X80 



i 

C. 

I 

Figure  E-3 Cross s e c t i o n s  of H 875/IN 100 ( r i g h t )   a n d  
H 875/713C ( l e f t )   w e l d s   e t c h e d   t o  reveal micro- 
s t r u c t u r e .   S t r u t   a l l o y  has e tched   b lack   a round 
mol ten   zone   t ip .  X80 



I 

Figure E-4 Cross   s ec t ions  of DH 242/IN 100 ( r igh t )   and  
DH 242/713C (left)  welds   e tched   to  reveal 
mic ros t ruc tu re .  X80 



! 

i 

Figure E-5 Cross   s ec t ions  of TD N i - C r / I N  100 ( r i g h t )  and 
TD N i - C r / 7 1 3 C  ( l e f t )   w e l d   e t c h e d   t o   r e v e a l  
m i c r o s t r u c t u r e .  X80 

i 
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APPEND1 X F 

STATIC  OXIDATION  TESTS 

Tab1 e 

Numerical  Tabulation of 
Wi re  Oxidation  Weight Gain F- 1 

Photomicrograph  Figure 

GE 1541 Oxidized W i  re F- 1 

H 875 Oxidized  Wire F-2 

DH 245  Oxidized  Wire F- 3 

DH 245 Oxidized  Poroloy F-4 

Page - 

100 

Page 

101 

101 

102 

102 
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TABLE F-1 OXIDATION \EIGHT GAIN OF 0.005 (0.13 MM) D I M T E R  \?IRE 
EXPOSED AT 1800'F (982°C) FOR 24 HOURS I N  AIR 

MATERIAL 

DH 245 
DH 245 

H 875 
H 875 

GE 1541 
GE 1541 

.- 

SAlPLE WEIGHT 

LENGTH ~ , ~ I G H T  GAIN WJZIGHT GAIN AFTER BEFORE AREA DIAIETER SPECIFIC 

mg / in2 in. mg  mg  mg in2 in. 

504 

1.42 10.1 1107.3 1097.2 7.10  0.0048 1 480 
1.21  8.6 1103.0 1094.4 7.10  0.0048 4 80 

0.93  7.0 1161.9 1154.9 7.55 0.0050 I 480 
0.89  6.7 1166.5  1159.2 7.55  0.0050  480 

3.83 28.3 1295.9  1267.6 7.40  0.0049 
3.72 

4 80 
28.9 1353.1  1324.2  7.77  0.0049 
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. ." 

Figure  F-1 Cross   sect ion  of  GE 1541 wire (0.005 i nch   d i a .  ) 
a i r  o x i d i z e d   f o r  24 hours  a t  1800°F. x500 

Figure  F-2 Cross   sec t ion  of H 875 wire (0.005 inch   d i a . )  
a i r  o x i d i z e d   f o r  24 hours  a t  1800°F. X500 

96 



Figure  F-3 Cross   s ec t ion   o f  DH 245 wire (0.005 inch d i a . )  
a i r  o x i d i z e d   f o r  24 hours  a t  1800°F. X500 

F igure  F-4 C r o s s   s e c t i o n  of DH 245  Poroloy air o x i d i z e d   f o r  
24  hours a t  1800°F. X250 
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